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One  of  the  approaches  that  we  have  spent  alot  of  energy  on  is  the  analysis  of  the 
calcium  behavior  of  cultured  cells  from  the  SCN.  Using  digitally  enhanced  video 
imaging,  we  have  studied  the  responses  of  both  neurons  and  glial  cells  to  glutamate 
and  to  several  other  substances  found  in  the  SCN.  It  has  been  taken  several  years 
to  get  the  apparatus  functioning,  but  we  are  now  in  a  good  position  to  make  use  of 
both  .the  low  light  computer  enhanced  video  system  and  the  confocal  laser  scanning 
microscope  to  study  the  behavior  of  living  SCN  cells.  One  of  the  strong  advantages 
of  this  approach  is  that  single  cells  can  be  studied,  or  interacting  groups  of  cells 
can  be  studied  simultaneously. 
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Aug. 3, 1992 

Dear  Dr. Haddad: 

This  letter  is  in  part  a  Progress  Report  at  the  end  of  the  second  year  of 
support  from  the  Chronoblology  Program  of  the  AFOSR. 

One  of  the  approaches  that  we  have  spent  alot  of  energy  on  is  the  analysis 
of  the  calcium  behavior  of  cultured  cells  from  the  SCN.  Using  digitally 
enhanced  video  Imaging,  we  have  studied  the  responses  of .  both  neurons  and 
glial  cells  to  glutamate  and  to  several  other  substances  found  in  the  SCN.  It 
has  been  taken  several  years  to  get  the  apparatus  functioning,  but  we  are  now 
in  a  good  position  to  make  use  of  both  the  low  light  computer  enhanced  video 
system  and  the  confocal  laser  scanning  microscope  to  study  the  behavior  of 
living  SCN  cells.  One  of  the  strong  advantages  of  this  approach  Is  that  single 
cells  can  be  studied,  or  Interacting  groups  of  cells  can  be  studied 
simultaneously . 

We  have  an  extensive  report  which  was  Just  published  (Journal  of 
Neuroscience,  1992)  describing  the  the  calcitim  response  of  both  neurons  and 
glia  to  glutamate,  serotonin,  and  extracellular  ATP.  The  data  in  the  following 
abstract  of  that  paper  describe  some  of  our  findings  there. 

To  study  the  calcium  responses  of  the  cellular  components  that  make  up  the 
clock  in  the  SCN,  computer-controlled  digital  video  and  confocal  scanning 
laser  microscopy  were  used  with  the  Ca^'*’  indicator  dye  fluo-3  to  examine 
dispersed  SCN  cells  and  SCN  explants  with  repeated  sampling  over  time.  Ca^'*' 
plays  an  important  second  messenger  role  in  a  wide  variety  of  cellular 
mechanisms  from  gene  regulation  to  electrical  activity  and  neurotransmitter 
release,  and  may  play  a  role  in  clock  function  and  entrainment. 

SCN  neurons  and  astrocytes  showed  an  Intracellular  Ca^***  increase  in 
response  to  glutamate  and  serotonin,  two  major  neurotransmitters  In  afferents 
to  the  SCN.  Astrocytes  showed  a  marked  heterogeneity  in  their  response  to  the 
serial  perfusion  of  different  transmitters;  some  responded  to  both  serotonin 
and  glutamate,  some  to  neither,  and  others  to  only  one  or  the  other.  Under 
constant  conditions,  most  neurons  showed  irregular  temporal  patterns  of  Ca^'*' 
transients.  Expression  of  regular  neuronal  oscillations  could  be  blocked  by 
the  inhibitory  transmitter  GABA.  Astrocytes,  on  the  other  hand,  shoved  very 
regular  rhythms  of  cytoplasmic  Ca^^  concentrations  with  periods  ranging  from  7 
to  20  seconds.  This  periodic  oscillation  could  be  initiated  by  in  vitro 
application  of  glutamate,  the  putative  neurotransmitter  conveying  visual  input 
to  the  SCN  critical  for  clock  entrainment.  Long  distance  communication  between 
glial  cells,  seen  as  waves  of  fluorescence  moving  from  cell  to  cell,  probably 
through  gap  Junctions,  was  Induced  by  glutamate,  serotonin,  and  ATP.  These 
waves  increased  the  period  length  of  cellular  Ca^'*'  rises  to  A5  to  70  sec. 
Spontaneously  oscillating  cells  were  common  in  culture  medium,  servim,  or  rat 
cerebrospinal  fluid,  but  rare  in  bepes  buffer. 

One  source  for  cytoplasmic  Ca^'*'  Increases  was  an  Influx  of  extracellular 
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Ca^'*',  as  seen  under  depolarizing  conditions  In  about  75%  of  the  astroglia 
studied.  Neurotransmitter- Induced  Ca'^'*'  fluxes  were  not  dependent  on  voltage 
changes,  as  Ca^'*’  oscillations  could  be  initiated  under  both  normal  and 
depolarizing  conditions.  Since  neurotransmitters  could  induce  a  Ca^"*"  rise  in 
the  absence  of  extracellular  Ca^'*',  the  mechanisms  of  ultradlan  oscillations 
appear  to  depend  on  cycles  of  intracellular  Car'*’  fluxes  from  Ca^"^  sequestering 
organelles  into  the  cytoplasm,  followed  by  a  subsequent  Car^  reduction. 

In  the  adult  SCN  fewer  astrocytes  are  found  than  neurons,  yet  astrocytes 
frequently  surround  glutamate  Immunoreactive  axons  in  synaptic  contact  with 
SCN  dendrites,  isolating  neurons  from  each  other  while  maintaining  contact 
with  other  astrocytes  by  gap  junctions. 

Neurons  and  glia  respond  to  neurotransmitter  application  with  a  variety  of 
Ca^’*’  responses;  both  may  play  a  role  in  the  function  of  the  SCN,  and  their 
interaction  may  explain  several  aspects  of  mammalian  clock  physiology  not 
easily  explained  solely  on  the  basis  of  our  current  understanding  of  axonally 
mediated  neurotransmission. 

Ve  have  also  finished  several  studies  on  amino  acid  neurotransmitters  in 
the  SCN,  based  on  immunogold  cytochemistry.  In  one  we  found  that  almost  50%  of 
all  axons  making  S3rnaptlc  contact  with  SCN  neurons  contain  GABA 
Inununoreactivity.  Similar  finding  were  made  with  antisera  against  the  GABA 
synthesizing  enzyme  glutamate  decarboxylase  (Decavel  and  van  den  Pol, 1990). 
Along  similar  lines,  we  found  high  densities  of  immunoreactive  glutamate  in 
presynaptlc  terminals  in  the  SCN  (van  den  Pol, 1991).  The  SCN  sends  efferent 
axons  to  several  loci;  one  of  these  is  the  paraventricular  nucleus.  As  in  the 
SCN,  GABA  Immunoreactlvlty  is  found  in  about  half  of  all  presynaptlc  terminals 
in  the  paraventricular  nucleus  (Decavel  and  van  den  Pol, 1991).  With 
Intracellular  recording,  we  found  that  glutamate  may  be  the  dominant 
excitatory  transmitter  in  the  paraventricular  nucleus:  most  of  the 
postsynaptic  response  to  release  of  the  endogenous  transmitter  could  be 
blocked  by  specific  glutamate  antagonists,  particularly  CNQX  which  blocks  non- 
NMDA  glutamate  type  receptors. 

Using  in  situ  hyubridlzatlon  we  have  examined  the  expression  of  different 
glutamate  receptor  genes  in  the  suprachiasmatic  nucleus  and  surrounding  areas 
of  the  hypothalamus.  We  find  that  some  of  the  AMPA  and  kainate  type  of 
glutamate  receptors  are  expressed  at  low  levels  in  the  SCN  (van  den 
Pol .Hermans -Borgmeyer, van  den  Pol, 1992). 

List  of  recent  papers  published  with  support  from  the  chronoblology  program 
AFOSR. 
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2101. 
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FUTURE  DIRECTIONS  OF  THIS  LAB  RELATED  TO  AIR  FORCE  SUPPORT 

I  am  approaching  the  time  when  we  would  like  to  begin  writing  our 
competitive  renewal  to  request  support  for  three  more  years  of  research 
funding  related  to  our  studies  of  the  role  of  the  suprachlasmatic  nucleus  In 
regulating  circadian  rhythms.  You  encouraged  me  on  the  phone  to  write  the 
renewal  before  the  end  of  1992,  which  I  will  do.  There  are  several  related 
areas  that  I  am  very  interested  in.  As  we  discussed  on  the  phone  several  weeks 
ago.  It  would  be  a  great  help  If  you  would  make  some  recommendations  as  to 
which  direction  you  feel  might  be  most  consistent  with  where  you  see  the 
general  program  going.  Perhaps  we  could  talk  at  the  meeting  in  San  Antonio  in 
October. 

There  are  three  related  sets  of  experiments  that  1  would  like  to  pursue  in 
the  SCN; 

1.  The  role  of  the  neurotransmitter  glutamate  in  the  SCN. 

2.  Gene  expression  in  living  SCN  cells. 

3.  Calcium  responses  and  oscillations  in  SCN  cells  In  vitro 

1.  Glutamate  in  the  SCN:  The  first  is  the  most  direct  extension  of  our 

current  project  funded  by  the  AFOSR.  As  we  postulated  several  years  ago, 
glutamate  acounts  for  a  great  deal  of  excitatory  transmission  in  the  SCN,  and 
probably  is  the  transmitter  of  the  retinal  projection  to  the  SCN.  As  such  it 
plays  a  very  important  role  In  resetting  the  clock.  I  have  done  a  series  of 
experiments  with  genes  coding  for  different  glutamate  receptors,  and  find  that 
some  subtypes,  but  not  others  are  strongly  expressed  in  the  SCN.  This  is 
consistent  with  our  work  on  finding  calcium  responses  of  both  neurons  and 
glial  cells  to  glutamate  applied  In  vitro.  Future  experiments  would  include 
studies  of  what  factors  regulated  gene  expression  of  the  glutamate  receptors 
in  the  SCN  and  developmental  changes  in  glutamate  responses  of  both  neurons 
and  glia  from  the  SCN.  Experiments  (in  collaboration  with  Dr. Mike  Rea)  would 
be  undertaken  to  examine  the  diurnal  and  circadian  variation  in  the  gene 
expression  glutamate  receptor  subtypes.  Glutamate  Is  known  to  have  an 
excltotoxlc  effect  on  neurons.  However,  SCN  neurons  appear  resistant  to  the 
cytotoxic  effects  of  glutamate.  One  aspect  of  this  work  we  would  pursue  Is  why 
SCN  neurons  are  resistant  to  glutamate  toxicitly.  This  may  help  us  to 
understand  the  general  problems  of  glutamate  toxicitly  In  other  neurons. 

2 .  Gene  expression  In  living  SCN  cells:  In  general  scientists  who  have  studied 
gene  expression  kill  cells  or  animals,  and  analyze  the  protein  or  mRNA  for  a 
particular  gene  at  a  single  time  point.  What  we  would  propose  to  do  Is  examine 
gene  expression  In  living  cells,  using  computerized  video  microscopy  and 
reporter  genes  coupled  to  promoters  which  would  cause  some  change  In  the 
fluorescence  Intensity  or  wave  length  in  cells  in  culture. 

In  pursuit  of  this  general  line  of  investigation  we  have  constructed  genes 
whose  products  would  be  visible  In  living  cells.  One  of  these  genes  is  beta- 
galactosidase  coupled  to  a  strong  promoter,  SVUO.  We  have  successfully 
transfected  mammalian  cell  lines  with  this  bacterial  gene,  and  have  stable 
mammalian  cell  lines  In  culture  which  show  a  strong  expression  of  beta* 
galactosidase  as  detected  with  staining  with  X*gal.  Our  next  step  will  be  to 
determine  if  we  can  detect  the  gene  expression  in  living  cells.  If  so,  then  we 
will  transfect  neuronal  cells  from  the  suprachlasmatic  nucleus  with  the  same 
gene  construction  to  determine  if  we  can  get  beta- galactosidase  expression 
with  this  vector.  A  recently  developed  membrane  permeable  substrate  has 
recently  come  available  which  becomes  fluorescent  In  the  presence  of  beta* 
galactosidase.  If  these  preliminary  experiments  work,  then  one  could  couple 


promoters  to  for  various  genes  of  interest  in  the  SCN,  for  instance  c-fos, 
transfect  the  cells,  and  study  gene  regulation  of  c-fos  in  living  cells  in 
culture  or  brain  slices.  This  would  allow  studies  of  both  the  up-  and  down- 
regulation  of  c-fos  by  neuro transmitters  such  as  GABA,  glutamate,  or 
neuroactive  peptides  found  in  the  SCN. 

Another  tack  we  have  followed  is  obtaining  the  gene  for  the  enzyme  that 
makes  fireflies  glow  in  the  dark,  luciferase.  The  gene  for  luclferase  is 
abbreviated  luc.We  have  subcloned  the  luc  gene  into  different  expression 
vectors,  and  then  transfected  cells  with  this.  Importantly,  with  low  light 
video  one  can  detect  light  emitted  by  cells  traivsfected  with  the  luc  gene. 
Because  ATP  is  a  critical  co- factor  in  light  emission  from  luc  transfected 
cells,  one  hypothetically  could  transfect  SCN  cells  with  the  luc  gene,  and 
then  examine  ultradian  and  circadian  variations  in  luc  In  single  cells  or 
groups  of  cells. 

3.  CftlgjLvn _ oscillations  in  SCN  cells  and  slices.  By  using  a  computer 

controlled  video  camera,  we  can  study  the  behavior  of  individual  and  isolated 
cells  In  the  SCN.  This  will  allow  us  to  ask  questions  about  the  abilities  of 
single  units  of  the  clock  to  oscillate  or  respond  to  transmitter.  Ve  can  also 
examine  groups  of  cells,  recording  the  interaction  of  a  number  of  cells  to 
various  types  of  stimulation,  and  to  each  other.  As  new  calcium  dyes  become 
available,  we  may  be  able  to  examine  circadian  patterns  of  intracellular 
calcium,  which  would  open  the  door  to  asking  questions  about  the  unit  of  the 
clock,  that  Is:  Can  a  single  cell  show  a  circadian  rhythm,  or  are  a  greater 
number  needed.  Several  mathematical  models  of  clock  function  (e.g.Pavlidis) 
suggest  that  an  accurate  24-hour  clock  can  be  synthesized  from  a  group  of 
units  showing  ultradian  oscillations.  Ue  would  like  to  continue  examining 
these  ultradian  calcium  oscillations  with  video  microscopy  and  laser  confocal 
microscopy.  These  types  of  experiments  will  allow  us  to  examine  the  response 
of  single  cells  and  groups  of  cells  both  to  glutamate  and  to  other  neuroactive 
substances  such  as  VIP,  vasopressin,  serotonin,  somatostatin  which  are  fovind 
In  the  SCN.  Calcium  Itself  serves  as  a  handle  to  study  cellular  physiology 
with  a  number  of  calcium  indicator  dyes.  Calcium  also  may  serve  an  important 
role  as  an  intermediate  messenger  in  intracellular  orchestration  and  circadian 
rhythms . 

Ue  could  write  a  renewal  application  of  any  of  these  three  related  areas, 
or  could  write  something  that  Included  all  three.  For  instance  an  appication 
entitled  "Computer -video  analysis  of  the  behavior  of  SCN  cells  In  vitro"  could 
Include  aspects  of  all  three  sets  of  questions  including  glutamate  responses, 
calcium  imaging,  and  expression  of  genes  in  living  SCN  cells.  I  would  worry  a 
bit  that  a  grant  referee  might  suggest  a  more  restricted  focus. 

Please  let  me  know  your  thoughts  on  these  future  directions. 


Also  enclosed  are  a  couple  of  color  images  showing  cells  cultured  from  the 
SCN,  loaded  with  a  calcium  indicator  dye,  and  stimulated  with  glutaiaate  with  a 
clock  in  the  background.  The  images  are  half  science,  half  fun.  You  might 
enjoy  them. 


Sincerely, 

Anthony  N.  van  den  Pol 
Professor 


■me  Journal  of  Nauroadanoa.  July  1992.  12(7):  264<-26«4 


Calcium  Excitability  and  Oscillations  in  Suprachiasmatic  Nucleus 
Neurons  and  Glia  in  vitro 

Anthony  N.  van  dan  Pol,'  Steven  M.  Finkbeiner,^  and  Ann  H.  Comell-BelP 

'Section  of  Neurosurgery,  ^Section  of  Molecular  Neurobiology,  and  ^Department  of  Cell  Biology,  Yale  University  School  of 
Medicine,  New  Haven,  Connecticut  06510 


Converging  lines  of  evidence  suggest  that  the  hypothalamic 
suprachiasmatic  nucleus  (SCN)  is  the  site  of  the  endogenous 
biological  clock  controlling  mammalian  circadian  rhythms. 
To  study  the  calcium  responses  of  the  cellular  components 
that  make  up  the  clock,  computer-controlled  digital  video 
and  confocal  scanning  laser  microscopy  were  used  with  the 
Ca>'  indicator  dye  fluo-3  to  examine  dispersed  SCN  cells 
and  SCN  explants  with  repeated  sampling  over  time.  Ca>^ 
plays  an  important  second  messenger  role  in  a  wide  variety 
of  cellular  mechanisms  from  gene  regulation  to  electrical 
activity  and  neurotransmittar  release,  and  may  play  a  role  in 
clock  function  and  entrainment 

SCN  neurons  and  astrocytes  showed  an  intracellular  Ca*^ 
increase  in  response  to  glutamate  and  5-HT,  two  major  neu¬ 
rotransmitters  in  sfferents  to  the  SCN.  Astrocytes  showed  a 
marked  heterogeneity  in  ttieir  response  to  the  serial  perfu¬ 
sion  of  different  transmitters;  some  responded  to  both  5-HT 
and  glutamate,  some  to  neither,  and  others  to  only  one  or 
the  other.  Under  constant  conditions,  most  neurons  showed 
irregular  temporal  patterns  of  Ca**  transients.  Expression  of 
regular  neuronal  oscillations  could  be  blocked  by  the  inhib¬ 
itory  transmitter  QABA.  Astrocytes,  on  the  other  hand,  showed 
very  regular  rhythms  of  cytoplasmic  Ca*^  concentrations  with 
periods  ranging  from  7  to  20  sec.  This  periodic  oscillation 
could  be  initiated  by  /n  vitro  application  of  glutamate,  die 
putative  neurotransmitter  conveying  visual  input  to  the  SCN 
critical  for  clock  entrainment  Long-distance  communication 
between  glial  cells,  seen  as  waves  of  fluorescence  moving 
from  cell  to  cell,  probably  through  gap  Junctions,  was  in¬ 
duced  by  ghitanurte,  S-HT,  and  ATP.  These  waves  increased 
the  period  length  of  ceNuiar  Ca*^  rises  to  45-70  sec.  Spon¬ 
taneously  oscillating  eeNs  arere  common  in  culture  medium, 
serum,  or  rat  cerebrospinal  fluid,  but  rare  in  HEPES  buffer. 

One  source  for  cytoplasmic  Ca**  increases  was  an  influx 
of  extracellular  Ca**,  as  seen  under  depolarizing  conditions 
in  about  75%  of  the  astrogNa  studied.  All  neurotransmitter- 
inducad  Ca*^  fluxes  were  not  dependent  on  voKsge  changes, 
as  Ca**  oscillations  could  be  initiated  under  both  normal  and 
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depolarizing  conditions.  Since  neurotransmitters  could  in¬ 
duce  a  Ca*^  rise  in  the  absence  of  extracellular  Ca**,  the 
mechanisms  of  uNradian  oscillations  appear  to  depend  on 
cycles  of  intracellular  Ca**  fluxes  from  Ca**-sequestering 
organelles  into  the  cytoplasm,  followed  by  a  subsequent 
Ct‘*  reduction. 

In  the  adult  SCN,  fewer  astrocytes  are  found  than  neurons, 
yet  astrocytes  frequently  surround  glutamate-immunoreac- 
tive  axons  in  synaptic  contact  with  SCN  dendrites,  isolating 
neurons  from  each  other  while  maintaining  contact  with  other 
astrocytes  by  gap  junctions. 

Neurons  and  glia  respond  to  neurotransmitter  application 
with  a  variety  of  Ca*^  responaes;  both  may  play  a  role  in  the 
function  of  the  SCN,  and  their  interaction  may  explain  several 
aspects  of  manmialian  clock  physiology  not  easily  explained 
srHeiy  on  the  basis  of  our  current  understanding  of  axonally 
mediated  neurotransmission. 

The  response  of  suprachiasmatic  nucleus  (SCN)  cells  to  gluta¬ 
mate  and  other  transmitters  found  in  SCN  afferent  axons  in¬ 
cludes  both  transient  Ca^*  elevations  and  ultradian  (with  a  pe¬ 
riod  less  than  24  hr)  oscillations.  To  study  these  cellular  responses, 
we  used  digital  video  and  confocal  laser  microscopy  with  the 
Ca^*  indicator  dye  fluo-3.  This  video  approach  allows  the  study 
of  the  Ca^*  behavior  of  individual  cells  as  well  as  the  behavior 
of  aggregates  or  interactive  groups  of  cells  over  time.  Ca’*  plays 
a  crucial  second  messenger  role  in  a  wide  variety  of  cellular 
events.  The  importance  of  Ca'^  is  suggested  by  the  apparent 
absence  of  circadian  rhythms  of  2-deoxyglucose  uptake  and  fir¬ 
ing  rate  in  the  SCN  in  vitro  if  calcium  was  removed  from  the 
buffer  (Shibata  et  al.,  1984,  1987).  In  the  present  study,  re¬ 
sponses  of  both  neurons  and  astroglia  were  studied. 

Several  models  of  biological  clock  timekeeping  arc  based  on 
the  interaction  of  cellular  oscillators  (Pittendrigh,  1974).  The 
SCN,  the  putative  site  of  the  circadian  timekeeper  in  mammals 
(Moore  and  Eichler,  1972;  Stephen  and  Zucker,  1972;  Rusak 
and  Zucker,  1979;  van  den  Pol  and  Powley,  1979),  has  tacitly 
been  assumed  to  function  by  neuronal  communication  mediated 
by  neurotransmitter  release.  However,  recent  experiments 
blocking  sodium-dependent  action  potentials  and  related  neu¬ 
rotransmitter  release  with  TTX  (Schwartz  et  al.,  1987;  Meijer 
and  Rietveld,  1989;  Schwartz,  1991)  that  fisiled  to  block  time¬ 
keeping  have  suggested  that  classical  Na^-dependent  axonal 
neurotransmission  may  not  be  required  for  timekeeping  or  for 
cellular  orchestration  within  the  SCN.  The  orchestrated  meu- 
bolic  rhythms  of  SCN  cells  found  prior  to  synaptogenesis  (Rep- 
pert  and  Schwartz,  1984)  are  also  not  easily  reconciled  with  a 
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clock  model  based  solely  on  conventional  synaptic  axonal  neu¬ 
rotransmission. 

Of  particular  importance  to  circadian  rhythms  is  the  trans¬ 
mitter  released  from  the  optic  nerves  that  entrains  the  endog¬ 
enous  rhythm  to  the  ambient  light  cycle.  Glutamate  is  the  best 
transmitter  candidate  for  mediation  of  visual  input  to  the  SCN, 
as  it  is  released  in  the  SCN  by  optic  nerve  stimulation  (Shibata 
et  al.,  1 986)  and  causes  a  phase  shift  in  circadian  rhythms  (Mei- 
jer  et  al.,  1988).  Optic  nerve  stimulation  induces  alterations  in 
electrical  field  potentials  that  can  be  blocked  by  excitatory  amino 
acid  antagonists  (Cahill  and  Menaker,  1987).  6-Cyano-7-dini- 
troquinoxaline-2,3-dione,  a  glutamate  receptor  blocker,  blocks 
the  excitatory  postsynaptic  response  to  optic  nerve  stimulation 
(Kim  and  Dudek,  1989).  In  the  present  article,  we  used  im- 
munogold  cytochemistry  to  show  glial  cells  surrounding  pre- 
synaptic  axons  showing  high  levels  of  glutamate  immunoreac- 
tivity  in  the  adult  SCN,  and  we  used  glutamate,  several  glutamate 
agonists,  5-HT,  and  ATP  to  study  the  Ca^*  responses  of  SCN 
cells  in  vitro. 

An  abstract  based  on  some  of  this  work  has  been  presented 
(van  den  Pol  et  al.,  1991). 

Materials  and  Methods 

Cell  culture.  SCN  cells  from  1-3-d-old  neonatal  rats  were  grown  for  1- 
8  weeks  on  glass  coverslips  coated  with  collagen  and  polylysine  or  potyly- 
sine  alone,  or  on  untreated  glass  coverslips  (van  den  Pol  et  al.,  1986). 
SCN  tissue  dissected  from  hypothalamic  slices  (see  below)  was  incubated 
in  papain  (20  U/ml;  Worthington)  in  a  buffer  containing  1 37  mM  NaCI, 
5  mM  KCl,  3  mM  CaGj,  1  mM  MgQ„  10  mM  HEPES,  and  25  mM 
glucose  on  an  oscillating  Nutator  at  37*C  for  45  min.  Enzymatic  action 
was  stopped  by  the  addition  of  1.5  mg/ml  trypsin  inhibitor  and  1.5  mg/ 
ml  bovine  serum  albumin,  fraction  V  (Sigma),  Cells  were  disaggregated 
with  gentle  passage  through  a  fire-polished  pipette  previously  coated 
with  silicon  (Prosil2 1 ,  PCR,  Gainesville,  FL),  us^  to  reduce  cell  sticking 
and  damage.  Disaggregated  cells  were  grown  in  low  (about  2000  neurons) 
or  high  densities  (about  10,000  neurons)  in  the  middle  of  the  coverslip. 
Coverslips  pnetreated  with  polylysine  (540  kDa)  were  subsequently  rins^ 
in  five  changes  of  sterile  water.  Neurons  growing  with  confluent  or 
nonconfluent  glial  cultures  were  used.  An  average  of  two  brains  were 
used  for  one  glass  coverelip  for  high  density  cultures.  GIBCO  Dulbecco’s 
minimal  essential  medium  (MEM)  was  supplemented  with  10%  fetal 
bovine  serum  (GIBCO  and  Hyclone),  50  U/ml  penicillin  and  strepto¬ 
mycin  and  serum  extender  (Collaborative  Research).  Cultures  were 
maintained  in  a  Napco  6100  incubator  at  37*C  and  5%  CO;. 

We  also  cultured  explants  of  SCN  made  firom  sections  of  the  anterior 
hypothalamus.  The  hypothalami  and  preoptic  area  were  removed  from 
3^-d-old  neonatal  rats  and  cut  into  300-^  am-thick  sections  held  in 
4‘C  C^^'-fiee  buffer.  Under  a  high-magnification  Nikon  stereo  operating 
microscope,  illuminated  firam  above  with  a  fiber  optic  light  source  or 
from  below  by  substage  light,  we  used  sharpened  round  tubes  with  an 
inner  diameter  of  200  or  325  am  to  punch  out  the  SCN  The  area  of 
the  SCN  can  be  identified  by  its  position  at  the  ventral  surface  of  the 
hypothalamus,  on  either  side  of  tte  third  ventricle,  and  direcily  above 
the  optic  chiasm.  Sections  that  did  not  show  sufficient  anatomical  fea¬ 
tures  to  allow  identification  of  the  correct  regions  were  discarded.  His¬ 
tological  verification  of  these  punches  was  done  by  staining  ihe  re¬ 
maining  tissue  slice  before  or  afW fixation  with  10%  formalin  wnh  0. 1% 
propidium  iodide  for  20  min.  Slices  with  the  SCN  punched  out  were 
examined  with  a  Bio-Rad  confocal  laser  scanning  microscope  with  an 
argon  ion  laser  and  a  Texas  red  filter  set.  On  control  slices,  ihe  SCN 
was  visible  as  a  tightly  clustered  group  of  cells  stained  with  propidium 
iodide  situated  above  the  optic  chiasm  and  at  the  bottom  of  the  third 
ventricle.  Some  punches  either  were  cultured  without  cell  disaggregation 
in  the  Napco  6100  incubator,  or  alternatively  were  put  on  glass  cov¬ 
erslips.  and  adhered  with  a  thin  layer  of  chicken  plasma  and  thrombin, 
as  described  by  Gahwiler  (1981)  and  Wray  et  al.  (1988).  SCN  tissue 
used  for  dispersed  cell  cultures  included  a  small  number  of  cells  outside 
the  border  of  the  SCN  in  the  region  where  SCN  dendrites  extend  (van 
den  Pol,  1980).  Coverslips  with  an  adhered  SCN  explant  were  placed 


in  a  test  tube  in  a  Bellco  cell  production  roller  drum  rotating  at  10 
revolutions/ hr  kept  in  a  Lab-Line  Imperial  HI  incubator  at  37*C. 

Digital  microscopy.  For  optical  recording,  cells  were  loaded  with  fluo-3 
acetoxymethyl(AM)esterfor45  min  in  a  HEPES  buffer  [10  mM  HEPES, 
25  mM  glucose,  137  mM  NaO,  5.3  niM  KQ,  3  mM  CaQj,  I  mM  MgQ„ 
I  mm  letrodotoxin  (TTX),  pH  7.4],  and  then  placed  in  a  chamber  al¬ 
lowing  sequential  perfusion  of  different  transmitters  and  agonisu  on  the 
stage  of  a  Zeiss  IM35  inverted  microscope  (Comeli-Bell  et  al.,  1990; 
van  den  Pol  et  al.,  1990).  TTX  was  used  to  block  voltage-dependent 
sodium  channels  and  axon  action  potentials.  Since  the  clock  operates 
in  the  presence  of  TTX  (Schwartz  et  al.,  1 987),  many  of  our  experiments 
parallel  conditions  under  which  the  clock  might  operate  in  the  absence 
of  axonal  transmission  mediated  by  voltage-dependent  sodium  chan¬ 
nels.  A  high  potassium  buffer  was  similar,  except  that  KO  was  increased 
to  56  mM,  and  NaCl  was  reduced  to  86  mM.  A  zero-calcium  buffer 
contained  no  CaClj,  but  did  contain  1  mMEGTA.  For  some  experiments 
studying  aspartate  and  iV-methyl-o-aspartate  (NMDA),  MgClj  was  de¬ 
leted  from  the  buffer,  and  4  mm  glycine  was  added. 

The  intensity  of  fluorescence  of  fluo-3  increases  in  the  presence  of 
Ca^*,  and  the  dye  has  excellent  spatial  and  temporal  resolution.  The 
high  sensitivity  was  crucial  for  long  recordings  where  we  needed  to  avoid 
phototoxicity,  and  allowed  us  to  work  with  very  low  light  levels.  Fur¬ 
thermore,  fluo-3  could  be  detected  both  with  fluorescent  microscopy 
and  with  argon  laser  confocal  microscopy.  Ratio  imagiiig  dyes  such  as 
fura-2  that  require  more  intense  light  of  a  shorter  wavelength  were 
unsuitable  for  many  of  our  experiments  due  to  the  higher  level  of  pho¬ 
totoxicity  over  the  long  recorffing  periods  with  images  averaged  every 
second.  Among  all  the  available  Ca^'^  indicators,  fluo-3  provides  the 
largest  optical  signal  per  molecule  and  thus  allows  for  the  detection  of 
transients  in  the  smallest  possible  cytoplasmic  volume.  With  the  in¬ 
creased  sensitivity  of  fluo-3,  subtle  changes  in  Ca^*  were  more  easily 
detected  than  with  fura-2. 

Video  images  were  collected  with  a  Hamamatsu  2400  STT  camera 
interfaced  with  an  Imaging  Technology  151  video  processor  and  IBM 
AT  computer,  and  one  video  frame  was  stored  on  a  Panasonic  2023 
laser  disk  recorder  every  sec.  To  reduce  the  possibility  of  phototoxicity, 
a  computer-controlled  shutter  completely  blocked  light  for  650  msec  of 
each  second,  and  neutral  density  ffiters  were  used  to  block  99%  of  the 
light  emitted  by  the  mercury  light  source  when  the  shutter  was  open. 
Fluorescent  filtration  used  was  the  same  as  used  for  fluorescein  visu¬ 
alization.  Data  are  expressed  as  a  change  in  fluorescence  over  baseline 
fluorescence  (AF/Fg).  The  fluorescent  level  of  each  cell  under  normal 
conditions  served  as  its  own  baseline  (Fo),  and  was  corrected  for  spatial 
heterogeneity  of  the  video  field,  as  well  as  for  the  video  gain  and  offset, 
and  differences  in  cell  esterase  activity,  by  including  with  each  experi¬ 
ment  a  video  record  of  each  cell  with  different  neutral  density  filters 
(1%,  2%,  3%  transmittance).  This  allowed  a  comparison  of  different 
celb  under  the  same  experimental  conditions  when  the  data  were  ex¬ 
amined  as  a  change  in  Ca'^-induced  fluo-3  fluorescence  over  the  baseline 
corrected  fluorescence  (AF/Fq)  (Comeli-Bell  et  al.,  1990;  van  den  Pol 
et  al..  1990;  Comeli-Bell  and  Finkbeiner,  1991;  Finkbeiner,  1991).  As 
previously  described  with  this  type  of  perfusion  apparatus,  the  time 
from  turning  on  the  switch  initiating  agonist  flow  to  the  point  that  it 
reached  the  cells  was  about  6  sec. 

Due  to  the  thickness  of  the  SCN  explants,  Ihe  fluorescent  microscope 
described  above  could  not  resolve  cellular  detail.  Instead,  we  used  the 
confocal  scanning  laser  microscope  described  previously  with  a  fluo¬ 
rescein  filter  set.  This  allowed  making  digital  recordings  of  an  optical 
section  taken  within  a  fluo-3-labeled  SCN  explanL  The  intensity  of  the 
scanning  laser  beam  was  attenuated  with  a  1%  transmittanoe  neutral 
density  filter.  The  shutter  blocking  the  laser  was  set  to  open  immediately 
after  the  scan  was  initiated.  As  described  above,  different  neutral  density 
filters  (1%,  3%  transmittance)  were  used  to  determine  corrected  fluo¬ 
rescence  values. 

For  the  ratio  imaging  experiment,  cells  were  loaded  in  S  mm  fura-2 
AM  ester  in  HEPES  buffer  for  30  min  in  the  incubator,  and  studied 
withaNikon40x  (numerical  aperture,  1.3)  UV-passi^  quartz  objective 
with  either  340  or  380  nm  excitation  from  a  xenon  light  source.  Inten¬ 
sities  were  collected  through  a  480-520  band  pass  filter.  Calibration  was 
based  on  1 00  mm  ionomycin  in  the  presence  of  10  mM  Ca’*  for  maximum 
bound  dye,  and  chelation  with  EGTA  for  minimum.  A  10-Mm-diameter 
aperture  circle  over  the  respective  cell  bodies  was  used  for  data  collec¬ 
tion. 

To  test  whether  astroglia  were  dye  coupled,  which  is  an  indication 
that  gap  junctions  exist  between  cells,  patch-type  glass  pipettes  with  a 
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Figure  I.  Immunocymheinistry  of  neurons  and  astrofiia.  A,  On  this 
and  the  other  imafes  in  this  figim,  confocal  microscopy  was  used  to 
obtain  images.  This  micrograph  shows  SCN  gliai  ceils  stained  with  glial 
fibrillary  acidic  protein  antiserum.  B,  Neurons  are  stained  with  neu* 
rofilament  antiserum.  C.  Neurons  labded  with  tetanus  toxin.  Glial  ceils 
on  which  the  neurons  in  B  and  C  are  growing  are  not  labeled  with  the 
neuronal  markers.  Scale  bars,  50  nm. 


Figure  2.  Neuron  Ca’*  responses  illustrated  here  are  expressed  as  the 
change  in  fluorescence  over  baseline  fluorescence  (AF/f)  u  described 
in  Materials  and  Methods.  A,  A  single  SCN  neuron  showed  a  strong 
increase  in  Ca>*  in  response  to  30  nas  glutamate,  quisqualate,  and  kain¬ 
ate,  but  not  to  NMDA.  A  An  SCN  neuron  responds  to  aspartate,  NMDA, 
and  glutamate  (all  at  30  uu)  in  the  absence  of  magnesium  and  presence 
of  4  mm  glycine. 


tip  internal  diameter  of  about  1  Min  were  filled  with  6<arboxyfluores* 
cein,  a  small  fluorescent  molecule  that  difiuses  throu^  pp  junctions. 
During  observation  on  the  video  screen  with  a  combination  of  video- 
intensified  diftrential  interference  contrast  optics  and  fluorescent  illu¬ 
mination,  single  cells  were  filled  with  the  dye  by  intracellular  iqjection 
after  a  membrane  seal  was  obtained,  and  10  min  later  the  pipette  was 
removed. 

Immunocytochemistry.  Rabbit  antiserum  against  glutamate  was  made 
with  glutamate  coqjugated  by  glutanldehyde  to  keyhole  limpet  hemo- 
cywn.  The  antibody  lecogidzed  only  glutamate  and  not  other  amino 
acids,  as  determined  with  immunodot  btot.  Western  blot,  EL1S.A  assays, 
and  amino  acid  bound  to  Sepharose  beads  (van  den  Pol,  1991).  After 
deeply  anesthetizing  adult  male  rats  (250-300  gm)  with  Nembut^,  they 
were  perfused  transcardially  with  3%  glutanldehyde,  and  the  SCN  was 
removed,  treated  with  1%  osmium  tetroxide  and  1%  aqueous  unnyl 
acetate,  and  embedded  in  Epon  or  Anldite.  Ultrathin  sections  were 
immunostained  with  10  nm  colloidal  gold  (Janssen)  u  described  in 
detail  elsewhere  (van  den  Pbl,  1989,  1991;  van  den  Pol  and  Decavel, 
1990),  and  the  presence  of  immunoreactive  boutons  and  their  anatom¬ 
ical  relationship  to  nearby  astrocytes  was  studied. 

At  the  ultnstnictoral  leiml,  neurons  could  be  diftrentiated  from  other 
cells  by  the  morphological  presence  of  synapses,  dendrites,  and  axons, 
while  astrocytes  could  be  recognized  by  their  clumps  of  gliid  filaments, 
absence  of  synapses,  and  by  the  irregular  contours  of  astrocytic  pro¬ 
cesses.  To  estimate  the  relative  number  of  glia  and  neurons  with  ste- 
reology,  electron  micrographs  at  fi0,0()0x  mi^nification  were  overlaid 
with  a  regular  pattern  of  points,  the  number  of  supetimpositioas  over 
different  cells  was  counted,  and  cell  size  and  the  relative  number  of  cells 
were  determined  (Palkovits,  1976). 

To  differentiate  glia  finom  neurons  in  vitro,  morphological  and  cyto- 
chemical  criteria,  including  immunostaining  with  antisera  against  the 
plasmalemma  molecules  neural  cdl  adhesion  molecule  (NCAM;  gift  of 
U.  RutishauaerorG.  RougonXLl  (gift  ofV.LemmonX  tetanus  toxin-c 
fragment  (Boehringer-Mannh^X  and  neurofilaments  (68  kDa)  @tera- 
betger),  neuropeptkfea  such  as  nemophysin,  vasopressin  (gift  of  M.  Sof- 
roniew),  and  vasoactive  intestinal  polypeptide  (IncstarX  and  glial  fi¬ 
brillary  acidic  protein  (gift  of  L.  En^  were  used.  Seoondiary  antibodies 
were  labeled  with  colloidal  gold  or  fluorescein.  CeUs  were  imaged  on 
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Figure  }.  A.  Astrocyte  showed  an  increased  intracellular  Ca‘*  in  re¬ 
sponse  to  repeated  perfusions  of  glutainate  or  kainate.  B,  Four  astroflia 
from  the  same  plate  recorded  simultaneously.  Two  cells  showed  a  Ca'* 
influx  in  response  to  glutamate,  but  not  to  3-HT,  the  third  cell  showed 
a  response  only  to  S-HT.  and  a  fourth  responded  to  neither  of  the 
transmitters. 

either  a  Zeiss  fluorescent  microscope  or  a  Bio-Rad  confocal  scanning 
laser  microscope  coupled  to  an  Olympus  upright  or  2>iss  inverted  mi¬ 
croscope. 

RSMlItt 

Neurons  had  long  processes  and  a  semispherical  cell  body,  were 
immunoreactive  for  NCAM,  LI,  and  neuroiilament  protein  (Fig. 
1^).  and  were  labeled  with  tetanus  toxin  (Fig.  IC).  Some  neu¬ 
rons  were  also  immunoreactive  for  vasopressin  or  neurophysin, 
substances  found  in  the  SCN  in  vivo.  Cells  were  not  used  until 
at  least  5  d  after  culturing,  a  time  when  electron  microscopy 
revealed  that  synapses  were  established  between  neurons.  As¬ 


RESPONSE  TO  GLUTAMATE  {FURA-2) 


Fipire  4.  Cytoplasmic  Ca"  measured  with  fura-2  in  five  neurons  or 
glia  at  each  glutamate  concentration.  Error  bars  are  SD. 


trocytes  had  a  flat,  sheet-like  morphology  with  diameters  several 
times  greater  than  that  of  neurons  and  exhibited  positive  im- 
munostaining  for  glial  fibrillary  acidic  protein  antisera  (Fig.  M) 
and  negative  staining  with  LI  antiserum  or  neurotransmitter- 
related  antisera  including  neurophysin,  vasopressin,  or  vaso¬ 
active  intestinal  polypeptide. 

Transmitter  response.  With  optical  video  analysis,  the  ma¬ 
jority  of  SCN  neurons  (183  of  194  cells,  94%)  responded  to  100 
u*4  glutamate.  Ca^*  rises  were  also  seen  in  many  neurons  at 
glutamate  concentrations  of  I-S  mm  (see  Fig.  13G,H).  Cells  re¬ 
sponded  vigorously  to  the  glutamate  agonists  kainate  and  quis¬ 
qualate  (Fig.  2A),  but  only  a  minor  response  to  NMD  A  was 
seen  with  the  HEPES  buffer  normally  used.  When  HEPES  bulfer 
lacking  Mg*  and  including  glycine  was  used,  SCN  neurons  were 
found  that  responded  strongly  to  30  um  NMDA  and  30  mm 
aspartate  (Fig  2B).  The  estimate  of  the  number  of  SCN  neurons 
that  responded  to  glutamate  is  a  conservative  one;  neurons  that 
showed  a  high  initial  level  of  fluo-3  fluorescence  may  have  re¬ 
sponded  to  glutamate  with  a  increase  not  detectable  with 
the  optical  constraints  of  the  video  system  set  to  analyze  faintly 
fluorescent  cells  in  the  same  microscope  field. 

Astrocytes  also  responded  to  repeated  administrations  of  1 00 
mm  glutamate  (226  of 266  astroglia,  8S%),  kainate  (Fig  3A),  and 
quisqualate  with  rapid  increases  in  intracellular  Ca^*.  Increases 
in  Ch^*-related  fluorescence  were  seen  in  the  cytoplasm  of  the 
processes  and  cell  body,  and  sometimes  inclu^  the  cell  nu¬ 
cleus.  We  did  not  see  any  strong  response  in  astrocytes  to  ap¬ 
plication  of  either  aspartate  or  NMDA  in  either  the  presence  or 
absence  of  Mg*  or  glycine. 

Because  the  percentage  of  SC!N  astrocytes  that  responded  to 
glutamate  was  lower  than  the  percentage  of  hippocampal  astro¬ 
cytes  that  responded  to  glutamate  (100%  of  323  hippocampal 
astrocytes),  we  tested  whether  the  cells  that  did  not  respond  to 
glutamate  perhaps  were  unable  to  respond  to  any  Ca^*-inducing 
agents.  Since  S-HT  is  a  prevalent  transmitter  in  afferents  to  the 
SCN  from  the  raphe  (Agajanian  et  al.,  1969;  van  den  Pol  and 
Tsujimoto,  198S),  we  compared  the  glial  response  to  glutamate 
and  S-HT.  The  response  of  SCN  glia  to  serial  application  of 
different  neurotransmitters  was  heterogeneous.  In  one  experi¬ 
ment,  some  glia  (2  of  13)  showed  an  intracellular  Ca^*  increase 
with  glutamate,  while  others  (2  of  1 3)  in  the  same  video  field 
on  the  same  coverslip  responded  only  to  S-HT.  In  this  group 
of  cells,  most  cells  (9  of  1 3)  did  not  respond  to  either  transmitter 


2Ma  vtn  dMi  Pal  •(  il.  *  SCN  Caidum  Exdtaiiilty 


NEURON 

A 


GABA  GLU  GABA  GABA 


40%AF/F 


150  S 

Figurt  5.  Neuron  oiciUao<»».  A.  An  SCN  neuron  showed  a  sponianeous  recuinr  Ca'*  oadUntion  that  couM  be  ccnaiateatly  blocked  with  30  |im 
GABA.  Glutamate  raised  the  mean  Ca‘*  level  in  this  cell,  but  oscillations  continued.  This  ceil  was  grown  in  a  low  neuronal  culture  density, 
the  experiments  were  done  in  the  absence  of  TTX.  B.  A  neuron  showed  spontaneous  fluctuations  in  intracellular  calcium  in  the  presence  of  TTX. 
The  /ownt  tract  shows  Ca'*  peaks  in  B  as  single  events.  The  regularity  of  the  neuron  is  much  leas  than  that  teen  in  the  glial  cells.  The  variance  in 
periodicity  (expressed  as  the  SD  at  a  percentage  of  the  mean)  was  4.8x  greater  in  the  neuron  (62%)  than  in  the  glial  cdl  (13%)  baaed  on  oella  in 
Figure  6B.  This  neuron  and  the  astrocytes  in  Rguie  6  are  represenutive  of  SCN  astrocytes  and  neurons  in  general  in  the  presence  of  TTX 


(Fig.  3B).  In  another  group  of  cells  cultured  under  the  same 
conditions,  most  glia  (SO  of  SI)  responded  to  both  S-HT  and 
glutamate  as  shown  by  the  examples  in  Hgure  6.  To  examine 
further  the  heterogeneous  response  of  astrocytes,  particularly 
those  that  did  not  respond  to  glutamate,  we  also  used  ATP.  ATP 
is  released  from  many  axon  terminals  (Burnstock.  1 986i  and 
has  been  suggested  as  a  potent  agent  for  increasing  intracellular 
Ca^”  in  astrocytes  (McCarthy  and  Salm,  1991).  In  some  cov- 
eralips,  regions  couk)  be  found  where  90%  of  the  astrocytes 
responded  to  extracellular  ATP  (see  Fig.  lAr-C),  but  a  response 
to  ^utamate  could  not  be  detected.  These  resulu  suggest  that  a 
clonal  expansion  of  astrocytes  with  similar  receptive  properties 
may  occur.  Relatively  little  Ca’*  response  to  ATP  was  found  in 
neurons.  (3a>^  rises  in  the  cytoplasm  were  seen  in  all  responding 


cells;  in  some  cells  a  rapid  increase  in  nuclear  was  also 
detected  in  phase  with  tte  cytoplasmic  increase. 

To  determine  how  the  Ca'*  levels  in  SCN  cells  compared  with 
those  found  in  other  r^ons  of  the  nervous  system,  we  used  the 
ratio  imaging  calcium  indicator  dye  fura-2  and  averaged  the 
responses  to  glutamate  for  five  cells  at  each  glutamate  concen¬ 
tration  (Fig,  4).  Fura*2  was  not  used  for  the  long  repeated  video 
recording  in  most  of  our  experiments,  due  to  the  greater  cellular 
phototoxicity  of  parameters  required  for  imaging  fura-2.  The 
baseline  and  stimulated  values  firem  SCN  neurons  and  glia  were 
in  the  same  range  as  reported  for  cells  fiom  other  brain  regions 
(Glaum  et  al.,  1990;  (TUne  and  Tsien,  1991). 

Calcium  oscillations.  Neurons  with  regular  oscillations  were 
found  in  the  absence  of  TTX,  and  could  be  perturbed  by  amino 
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Figure  6.  A,  Two  astrocytes  respond* 
ed  to  ^utamate  and  then  to  S*HT  with 
a  periodic  oscillation  of  intracellular 
Ca’'^.  Note  the  short  periods  of  the  low¬ 
er  cell  compared  to  the  long  period  of 
the  upper  cell  in  the  presence  of  S-HT. 
The  long  period  in  the  upper  cell  was 
due  to  an  intercellular  Ca’*^  wave  orig¬ 
inating  from  other  glial  cells,  while  the 
period  of  the  lower  cell  was  due  to  os¬ 
cillations  originating  in  that  cell.  These 
experiments  were  done  in  the  prese^ 
of  I  fiM  TTX.  B,  Part  of  the  recording 
in  the  lower  astrocyte  in  Figure  M  that 
is  boxed  is  expand  to  &cilitate  ex¬ 
amination  of  the  regularity  of  the  pe¬ 
riodic  response.  The /ouesr  rnice  shows 
Ca>*  peaks  in  B  as  tingle  events. 


acid  transmitters.  An  example  of  one  neuron  that  showed  a 
regular  Ca'*  oscillation  is  shown  in  Figure  S.^.  The  regular  os- 
ci’htion  was  blocked  by  introduction  of  the  inhibitory  trans¬ 
mitter  GABA  (Fig.  SA).  When  GABA  was  removed,  the  oscil¬ 
lations  returned.  Perfusion  of  glutamate  raised  the  mean  Ca^*^ 
level,  and  the  oscillations  continued;  in  the  subsequent  absence 
of  glutamate,  the  mean  intracellular  Ca^*  level  decreased  while 
the  oscillations  continued.  In  both  neurotransmitter-stimuiated 
and  -unstimulated  conditions,  we  found  very  few  neurons  with 
regular  oscillations  in  the  presence  of  TTX,  although  ir¬ 


regular  fluctuations  of  intracellular  Ca^*  were  not  uncommon 
(Fig.  5B). 

Glial  cells  showed  stable  periodic  oscillati  >  \s  of  intracellular 
Ca'*  in  response  to  applications  of  neurotransmitteis  (Fig.  6A,B) 
in  the  presence  or  absence  of  TTX.  The  period  of  the  oscillations 
varied  from  7  to  20  sec.  The  regular  oscillations  of  astrocytes 
were  very  common,  and  could  easily  be  induced  by  neurotrans¬ 
mitter  application.  Glial  cells  showed  both  o  Ca>*  rise  and  Ca^* 
oscillations  in  response  to  perfusion  of  glutamate,  S-HT,  and 
extracellular  ATP  (Fig.  IB.C). 
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Figure  7.  A,  The  responae  of  four  astrocytes  to  extracellular  perfusion 
of  ATP  is  shown.  The  (op  cell  respoixted  only  to  100  mM  ATP,  while 
the  second  und  fourth  cells  responded  to  1 0  iim  ATP  with  a  small  increase 
in  intracellular  Ca>*  and  a  laiyer  increase  with  100  mm  ATP.  The  third 
cell  shows  no  response  to  AIT.  B,  Two  astrocytes  responded  to  5  mm 
ATP  with  an  immediate  increase  in  intracellulv  Oi‘'.  They  represent 
the  majtmty  of  cells,  of  which  84  of  9 1  cells  in  three  experiments  showed 
a  Ca'*  rise  in  response  to  S  or  10  mm  ATP.  The  bottom  cell  shows  Ca’*^ 
oscillations.  Both  cells  maintained  a  higher  intracellular  Ca’*  level  until 
ATP  was  washed  out  C.  The  boxed  area  in  5  is  expanded  to  show  the 
Ca>*  oscillations  more  clearly. 


A  set  of  three  experiments  was  designed  to  classify  the  Ca^‘ 
oscillations  found  in  SCN  astrocytes.  In  the  first  one,  cells  were 
depolarized  to  test  whether  SCN  glial  cells  exhibited  any  voltage- 
dependent  Ca^*  fluxes.  Figure  8/1  shows  an  astrocyte  responding 
to  depolarizing  concentrations  of  extracellular  K*.  Most  astro¬ 
cytes  (70-80%)  showed  a  cytoplasmic  Ca^*  rise  that  depended 
on  extracellular  Ca^*^.  However,  depolarization-induced  Ca^* 
oscillations  were  not  observed.  Since  a  significant  minority  of 
astrocytes  did  not  respond  to  depolarization  with  a  Ca^*  rise, 
cells  were  exposed  to  5-HT  while  depolarized  to  determine  if 
oscillations  could  still  occur.  Figure  SB  shows  an  example  of  an 
astrocyte  in  which  5-HT-induced  oscillations  were  relatively 
unaffected  by  depolarization.  A  third  experiment  of  this  series 
was  designed  to  examine  the  Ca^*  origin  for  the  transmitter- 
induced  oscillations.  Cells  were  perfused  with  5-HT  in  the  pres¬ 
ence  of  Ca'*-free/EGTA-containing  buffer;  Figure  8C shows  that 
the  Ca'*  involved  in  5-HT-induced  oscillations  is  primarily 
from  intracellular  sources  since  the  response  to  the  transmitter 
comes  in  the  absence  of  extracellular  Ca^*.  A  minor  contribution 
from  extracellular  Ca^*  is  suggested  by  subtle  changes  in  the 
pattern  of  oscillation.  The  period  of  the  oscillation  was  slightly 
longer  in  the  absence  of  extracellular  Ca^^.  Ca^^  oscillations  in 
Ca^*-free  conditions  tend  to  be  superimposed  on  a  different 
intracellular  Ca^'  baseline.  In  the  absence  of  extracellular  Ca^*, 
the  regular  oscillations  would  continue  for  more  than  10  cycles, 
but  would  eventually  reduce  in  amplitude,  possibly  due  to  the 
depletion  of  intracellular  Ca^*  stores. 

Whereas  astrocytes  as  a  group  showed  heterogeneous  re¬ 
sponses  to  different  neurotransmitters,  each  individual  astrocyte 
showed  a  stereotyped  response  to  a  single  transmitter.  This  is 
seen  both  in  the  rate  of  rise  and  fall  of  Ca’*^  after  single  appli¬ 
cations  of  transmitter  as  seen  in  the  glutamate  responses  of  cells 
1  and  3  in  Figure  3B,  and  in  the  different  patterns  of  oscillations 
found  with  longer  transmitter  stimulations. 

Intercellular  glial  interaction.  Tracing  Ca**  waves  between 
adjacent  glia  (Fig.  9B)  indicated  that  the  intercellular  pathway 
is  not  random,  but  rather  moves  very  specifically  between  cer¬ 
tain  adjacent  glia,  but  not  between  others,  probably  due  to  the 
presence  of  a  sufficient  number  of  active  gap  junctions  between 
communicating  glial  cells.  The  wave,  seen  as  a  slow-moving 
front  of  increased  fluorescence,  traveled  at  about  15  ptn/sec 
across  individual  cells,  and  from  cell  to  cell.  Ultrastructural 
analysis  revealed  large  gap  junctions  between  glia  in  vitro  and 
in  vivo.  While  neurons  may  not  be  able  to  communicate  with 
one  another  via  voltage-sensitive  sodium  channels  and  propa¬ 
gated  axonal  action  potentials  in  the  presence  of  TTX,  Ca^* 
waves  induced  in  glial  cells  by  glutamate,  5-HT,  or  ATP  traveled 
intercellularly  probably  via  gap  junctions  to  other  glial  cells  even 
in  the  presence  of  TTO  (Fig.  9A).  Intercellular  waves  of  Ca'* 
movement  resulted  in  slow  periodic  Ca^*  rises  in  the  individual 
cells  involved  in  the  wave,  with  peak-to-peak  periods  ranging 
from  45  to  70  sec,  much  longer  than  the  periods  of  cells  not 
showing  obvious  synchrony  with  other  astrocytes.  We  found  no 
slow-moving  waves  of  Ca’*  travelir^  between  neurons. 

Dye  coupling.  As  the  Ca^*  wave  may  propagate  from  cell  to 
cell  by  transfer  of  small  molecules  through  gap  junctions,  we 
examined  the  dye  coupling  of  astrocytes.  Single  astrocytes 

that  were  intracellularly  filled  with  carboxyfluorescein  showed 
movement  of  the  dye  to  several  adjacent  neighboring  astrocytes 
in  contact  with  the  labeled  cell,  seen  in  Figure  13B.  Not  all 
astrocytes  were  dye  coupled  with  adjacent  cells,  as  shown  in 
Figure  13C. 
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Figure  S.  A.  An  increase  in  extracellular  K*  caused  a  rise  in  Ca‘* 
throutb  voltate-fatcd  Ca’*  channels  in  the  plastnalemma.  No  increase 
was  seen  if  extracellular  Ca'*  was  removed;  with  later  perfusion  of  Ca'* 
containii^  buffer,  cells  again  responded  to  a  K*  rise.  B.  Whereas  an 
increase  in  extracellular  K*  did  not  induce  a  Ca'*  rise,  S-HT  induced  a 
Ca^*  rise  and  Ca'*  oscillations,  in  both  the  presence  and  absence  of 
extracellular  K*.  C.  Two  astrocytes  showed  an  increase  in  Ca'*  and 
oscillations  in  Ca’*^-fi»e  bufo.  The  oscillations  were  not  detected  in  the 
upper  cell  in  the  presence  of  the  extracellular  Ca^*. 


Figure  9.  A,  Waves  of  Ca'*  spread  from  one  glial  cell  to  the  next 
adjacent  one,  with  several  seconds  elapsing  while  the  wave  passed  through 
a  single  cell.  The  intercellular  wave  can  dter  the  period  of  the  indepen* 
dently  oscillating  glial  cell,  increasing  the  length  of  the  period  The 
regular  rise  and  fiUl  of  Cs’*  is  dilfeiat  in  two  cells  from  the  same 
coverslip,  showing  the  complex  interaction  between  the  individual  os¬ 
cillation  and  the  wave  dependent  periodic  rise  and  fidl  in  cell  Ca’*. 
These  expei^ents  were  done  in  the  presence  of  1  mm  TTX.  B.  An 
increase  in  intraceUular  Ca'*  started  in  the  shaded  (time  2),  and 
traveled  from  that  oeU  to  some,  but  not  all,  of  the  cells  in  this  group, 
cal  boundaries  of  single  astroc^  are  indiatted  by  thick  lines.  Direct 
contact  is  necessary  for  the  signal  to  be  carried  from  one  cdl  to  the  next 
Approximate  movement  of  the  Ca>*  wave  (shown  by  the  thin  line)  at 
2  sec  intervals  as  it  traveled  from  cell  to  cell  is  indicate  by  the  mimherr 
(sec). 

Serum,  medium,  and  rat  cerebrospinal  fluid.  Most  of  the  ex¬ 
periments  were  done  with  HEPES  bufler,  as  commonly  used 
with  imaging.  To  recreate  more  closely  the  conditions  un¬ 
der  which  these  ceils  are  growing,  their  teqxmaes  to  conditioned 
medium,  nonconditioned  medium,  and  serum  were  tested.  The 
majority  of  cells  (-95%),  both  neiuons  and  glial  cells,  showed 
a  rise  when  the  medium  they  were  growing  in  was  reintro¬ 
duced  after  a  wash  with  HEPES  buffer.  To  determine  if  this 
response  was  due  to  factors  released  by  the  cells  or  was  due  to 
the  nonconditioned  medium,  three  different  media  without  se¬ 
rum  were  perfused  through  the  chamber.  All  three,  including 
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GIBCO  FIO,  Eagle’s  MEM,  and  Dulbecco’s  MEM,  caused  an 
increase  in  Ca^*  levels  in  95%  of  the  cells  tested  (n  >  100). 
Similarly,  fetal  bovine  serum  (10%)  when  added  to  the  HEPES 
buffer  induced  Ca'*  rises  in  96%  of  the  cells  (n  =  109)  examined 
(Fig.  10).  Similar  results  were  obtained  with  10%  horse  serum. 
Chamber  perfusion  with  both  serum  and  medium  also  caused 
Ca>*  oscillations  in  glial  cells. 

In  an  attempt  to  recreate  conditions  that  more  closely  simulate 
those  that  SCN  cells  might  encounter  in  the  rat  brain,  we  used 
punches  that  contained  blocks  of  SCN  tissue  that  were  not  dis¬ 
aggregated  with  proteolytic  enzymes,  but  instead  were  cultured 
whole.  Figure  1 1  shows  a  slice  used  for  histological  verification 
where  a  part  of  SCN  was  punched  out  and  cultured.  Explants 
were  used  4-8  d  after  culturing.  When  the  fluo-3-loaded  cells 
within  the  explants  were  examined  with  confocal  laser  micros¬ 
copy,  many  of  the  astrocytes  (43  of  55)  showed  Ca^*  oscillations 
induced  by  rat  cerebrospinal  fluid  (CSF)  (Fig.  12).  Some  glial 
cells  show^  regular  oscillations  that  continued  for  the  duration 
of  the  recording  period  with  cells  in  the  rat  CSF  (Fig.  1 3A).  The 
top  astrocyte  in  Figure  1 2  shows  Ca>*  oscillations  with  an  initial 
period  of  about  18  sec  after  introduction  of  CSF;  as  the  mean 
Ca'*  level  of  the  cell  decreases,  a  second  extended  series  of 
oscillations  with  a  period  of  about  45  sec  is  seen  for  the  duration 
of  the  recording  period.  Others  showed  an  initial  series  of  os¬ 
cillations,  follow^  by  a  return  to  baaeiine  levels  (Fig.  1 2).  The 
thin  optical  sectioning  capability  of  the  confocal  microscope 
allowed  detection  of  nuclear  responses  to  CSF  (Fig.  1 3  D-/o. 
Some  astrocytes  that  showed  r^ular  oscillations  in  the  cyto¬ 
plasm  also  showed  similar  oscillations  in  the  nucleus  in  phase 
with  cytoplasmic  Ca^*  levels.  Prior  to  the  addition  of  rat  CSF, 
we  detected  no  oscillations  in  any  of  the  cells  examined  (n  - 
5  5).  Cells  showing  extended  regular  oscillations  while  incubated 
in  rat  CSF  lost  them  when  the  CSF  was  replaced  with  HEPES 
buffer.  Introduction  of  glutamate  induced  an  additional  Ca’^ 
rise  and  Ca'*  oscillations. 

Astrocytes  surround  presynaptic  glutamate-immunoreactive 
boutons— uitrastructural  immunocytochemistry.  Although  glu- 


Figure  10.  The  addition  of  fetal  bo¬ 
vine  serum  to  the  HEPES  bu^  in¬ 
duced  a  sharp  rise  in  Ca'^  that  drops 
down  to  the  bnseUne,  while  Ca’*^  oscil¬ 
lations  continue  in  both  of  these  astro¬ 
cytes. 

tamate  has  been  suggested  as  a  primary  transmitter  in  afferent 
projections  to  the  SCN,  supporting  immunocytochemical  evi¬ 
dence  has  been  lacking.  Since  we  found  a  glial  response  to  glu¬ 
tamate  in  vitro,  we  investigated  the  morphological  relationships 
between  presynaptic  boutons  immunoreactive  for  glutamate  and 
nearby  astroglia  in  the  intact  adult  SCN.  Some  axon  terminals 
in  synaptic  contact  with  SCN  perikarya  and  dendrites  showed 
strong  immunogold  labeling  with  glutamate  antisera.  The  ratio 
of  gold  particles  over  presynaptic  axon  to  postsynaptic  dendrite 
was  5:1,  similar  to  ratios  found  over  glutamateigic  presynaptic 
axons  in  other  parts  of  the  brain  (Somogyietal.,  1986;  Otterm, 
1989;  van  den  Pol,  1991).  Astrocyte  sheaths  surrounded  many 
synaptic  complexes,  including  those  in  which  the  [nesynaptic 
axon  exhibits  a  high  immunoreactivity  for  glutamate  (Fig.  14); 
these  astrocyte  processes  segregate  many  neuronal  elemmts  fiom 
each  other. 

Glia  in  the  adult  SCN  occur  in  numbers  somewhat  less  than 
the  number  of  neurons,  as  determined  with  stereological  (Pal- 
kovits,  1976)  counting  ofglial  cells  in  electron  mkrographs  from 
the  SCN  of  adult  male  rats.  Based  on  percentage  of  stereological 
point  overlays  on  glia  and  neurons  and  on  relative  cell  size  in 
60  random  fields,  the  relative  number  of  astroglia  per  unit  vol¬ 
ume  was  estinutted  to  be  about  65%  of  that  of  neurons  with 
some  variation  in  different  regions  of  the  SCN. 

DitcuMion 

Ca^*^  is  an  important  intermediary  in  a  wide  variety  of  cellular 
mechanisms.  With  noninvasive  digital  imaging  of  in  living 
SCN  cells,  we  have  shown  a  strong  neuronal  and  glial  Ca^* 
response  to  neurotransmitters.  These  were  seen  either  as  an 
increase  in  Ca'^  levels,  or  as  a  change  in  the  patterns  of  ultradian 
oscillations.  Ca>*  changes  in  the  cytoplasm  could  serve  to  influ¬ 
ence  many  of  the  intracellular  systems  using  Ca’*  as  a  second 
messenger.  Ca>*  rises  detected  in  the  cell  nucleus  may  serve  to 
modulate  genomic  expression  there.  The  induction  of  c~fos  and 
c-jun  by  neurotransmitters  or  cholera  toxin  may  act  through 
Ca'*^  second  messengen(Gabeilinietal.,  1991;  Trgo  and  Brown. 
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Figure  II.  Laser  confocal  imafe  of  a 
propidium  iodide-staiaed  hypotha¬ 
lamic  slice  of  a  3  d  neonatal  rat.  Part 
of  the  SCN  on  both  sides  was  punched 
out  for  culturing  (arrows),  oc,  optic  chi¬ 
asm;  iv,  third  ventricle. 


1991).  An  increase  in  SCN  cell  nuclear  c-fos  and  other  early- 
immediate  gene  products  can  be  induced  by  photic  stimulation 
at  certain  times  of  an  animal’s  circadian  cycle  (Rea,  1 989;  Kom- 
hauser  et  al.,  1990;  Rusak  et  al.,  1990),  perhaps  through  intra¬ 
cellular  Ca>*  signaling. 

Seuron  response  to  glutamate.  Immunocytochemical  local¬ 
ization  of  high  levels  of  glutamate  in  presynaptic  endings  in  the 
SCN  adds  further  support  to  previous  suggestions  that  glutamate 
may  be  an  important  transmitter  here  (Shibau  et  al.,  1986; 
Cahill  and  Menaker,  1987;  Kim  and  Dudek,  1989).  The  wide¬ 
spread  Ca^*  response  of  SCN  neurons  to  glutamate  suggests  that 
the  relative  ineffectiveness  of  excitotoxic  amino  acids  in  killing 
SCN  cells  (Peterson  and  Moore,  1980)  is  not  due  either  to  the 
lack  of  glutamate  receptors,  or  to  a  lack  of  an  increase  in  intra¬ 
cellular  Ca^^,  which  has  been  suggested  as  one  cause  of  cell  death 
after  exposure  to  high  levels  of  excitatory  amino  acid  agonists 
(Choi,  1988).  Whether  the  reduced  toxicity  of  glutamate  in  the 
SCN  is  due  to  a  smaller  number  or  different  types  of  gluumate 
receptors,  to  differences  in  second  messenger  systems  related  to 
Ca'*,  or  to  differences  in  the  astrocyte  response  and  upuke  of 
glutamate  remains  to  be  determined 

Mechanism  of  SCN  cellular  CcF*  oscillation.  Ca-’  oscillations 
are  found  outside  the  SCN  in  other  cell  types,  and  have  been 
broadly  categorized  as  either  membrane  oscillators  or  cytosolic 
oscillators  according  to  the  site  where  most  of  the  Ca-*  fluxes 
occur  (Berridge  and  Galione,  1988;  Beiridge  and  Irvine.  1989). 
Membrane  oscillators  depend  on  agonist-induced  iransmem- 
brane  voltage  changes  to  trigger  a  reciprocal  activation  of  volt¬ 
age-gated  and  Ca^*-sensitive  potassium  channels,  resulting 
in  a  periodic  Ca>*  influx.  One  example  of  a  membrane  oscillator 
is  glucose-stimulated  Ca^*  oscillations  in  pancreatic  d-cells 
(Sherman  et  al.,  1988;  Grapengiesser  et  al.,  1989;  Chay,  1990). 
Cytosolic  oscillaton  involve  the  periodic  release  of  from 
an  intracellular  store;  the  mechuism  may  include  receptor- 
stimulated  inositol  turnover,  subsequent  Ca’’^  release  from  the 
endoplasmic  reticulum,  and  specific  interactions  between  intra¬ 
cellular  elements  such  as  protein  kinase  C,  phospholipase  C, 


and  Ca’*^  reservoirs  other  than  the  endoplasmic  reticulum.  A 
capacitive  model  of  cytosolic  oscillators  (Putney.  1986)  postu¬ 
lates  the  existeiux  of  an  intracellular  store  capable  of  accumu¬ 
lating  cytosolic  Ca^’^  to  a  threshold  level.  Above  threshold,  ad¬ 
ditional  cytosolic  Ca^’^  increases  serve  to  stimulate  a  reind  release 
of  intracellularly  stored  Ca*^.  Aspects  of  this  idea  have  been 
incorporated  into  more  complicated  models  that  may  explain 
a  wider  variety  of  features  of  cytosolic  oscillators  ((jfoldbeter  et 
al.,  1 990).  Since  neurotransmitter  stimulation  elicits  a  Ca’’^  rise 
in  SCN  glia  even  in  the  absence  of  extracellular  Ca^”,  our  data 
suggest  that  the  neurotransmitter-induced  Ca^*^  increase,  at  least 
under  our  in  vitro  conditions,  is  primarily  fiom  intracellular 
stores,  invoking  a  cytoplasmic  oac^tory  mechanism  (Comeli- 
Bell  etal.,  1990;  Jensen  and  Chiu,  1990)  rather  than  a  membrane 
oscillatory  system. 

Most  experiments  were  done  with  HEPES  buffer  of  minimal 
composition;  addition  of  culture  media,  serum,  or  CSF  to  mimic 
more  natural  conditions  increased  the  general  level  of  activity 
of  all  cells,  suggesting  that  a  much  greater  level  of  complexity 
and  oscillatory  behavior  may  be  occurring  in  the  brain.  Ex¬ 
tended  Ca>*  oscillations  were  found  in  astrocytes  firom  SCN 
explants  incubated  in  rat  CSF,  but  not  when  CSF  was  replaced 
with  buflhr. 

Regular  oscillations  in  SCN  neurons  were  detected  less 
often  than  in  astrocytes,  and  predominantly  in  the  absence  of 
TTX.  Astrocyte  oscillations  in  the  presence  of  TTX  were  very 
regular.  In  contrast,  neuronal  oscillations  tended  to  be  ^radic 
and  irregular  in  the  presence  of  TTX  in  our  in  vitro  conditions. 
This  suggests  that  intercellular  axosynaptic  communication  be¬ 
tween  neurmis,  or  vottage-dependent  soAum  channds,  may  play 
a  role  in  maintainingregularoadllatioiis  in  neurons.  Since  there 
is  a  positive  oorrelatioa  with  transmitter  rdeaae  and  intracellular 
Ca'*^,  neurons  that  demonstrated  regular  cycles  of  Ch’’^  may  also 
release  their  neurotransmitters  in  corresponding  ultradian  cy¬ 
cles.  Oscillations  in  neurons  were  under  neurotrannutter  mod¬ 
ulation.  GABA,  an  inhibitory  transmitter  found  in  half  (48%) 
of  all  SCN  presynaptic  axons  (Decavel  and  van  den  Pol,  1 990), 
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Figure  12.  Reaponae  of  time  aatrcKrytes  (him  an  SC^oiipUnt  in  vitro  swdkdwiOitoiercoBfocalinkroacopy.  Dunn*  the  fim  hundred  lecootfe 
astttKvtes  shoaiftd  no  otciltaiofy  behavior  in  HEPESbuflw  When  rat  CSF  waaad«le<i.aa  three  oeUiilwwe^aniiiaeMem<^»*  and  ta^-ainph^ 
Ca'*  TTie  top  cell  contiaued  to  show  Ca'*  oscillations  throii|hout  the  time  of  examinatwn.  The  other  two  odtt  letaraed  to  bnaenM 

Ca>*  levels.  After  608  sec,  recordinns  were  stopped  to  reduce  the  possiMlity  of  phototoaidty  of  the  laser  beam;  500  m  IM.  leooidiav  agam 
initiated,  showing  that  the  cell  on  top  was  still  oacillati^  When  the  rat  CSF  was  replaced  with  HEFES  bulfer,  nariHatioiia  ceased  All  three  ceus 
responded  with  an  increase  in  Ca^*  upon  stimulation  with  100  glutamate. 


Figure  13.  A,  A  time  series  of  24  paeudocoloted  video  micrographs  showing  a  sin^  guo-3-labcled  astrocyte  (i^  arroa^th  a  regnlar 

Ca»*  ofr^iiatioii  Green  indicates  hi^er  levels  of  fluorescence,  and  pink  indicates  lower  levels.  Images  were  leootdM  5.4  sec  apart  Tne  ann  imy 
is  labeled  I  and  the  last  24.  The  image  sequence  starts  in  the  upper  left  and  reads  Idee  a  book,  as  shown  by  the  honionlal  arrtmj^  uHradiu 
rhythm  of  this  cell  is  very  repilar,  seen  by  the  strong  Ca'-  signal  in  the  5th,  I3di,  and  21st  ftwy 

130  sec  loot  and  shows  only  a  part  of  a  sequence  10  times  longer  in  which  the  cell  maratained  this  stea^  AythiL  The  w^  ofthe  aanrocyte  was 
55  um  B  Astrocyte  during  filling  with  carboxyfluorescein  is  on  the  left  {arrow).  The  same  cell  10  min  later  after  die  filKiig  P*^ 
removed  is  seen  on  the  ri^t  Four  adiacent  ceBs  are  also  labeled,  suggesting  dye  movement  through  gap  ^mctim  bet^  co^M  oeik 
of  the  filled  astrocyte  was  42  im.  C  Another  cell  in  the  same  culture  dish  was  filled  with  dye,  on  ^  l^and  seen  10  nm  later  on  ^  lyht; 
Although  many  other  glial  cells  surrounded  this  cell,  no  dye  coupling  wm  found  in  this  case.  Width  of  the  filled  astrocyte  tm  40  |iii.l>-f.Confi>cal 
laser  mkroecope  was  set  for  a  thin  optknl  section.  In  this  series  of  micrographs,  the  nuclei  (arrows) « two  asuocytes  show  a  «tro«i8rosiwase  to 
the  introduction  of  rat  CSF  to  the  recording  chamber,  similar  to  the  response  sometimes  seen  with  introdutmon  of  neurottmsnMtw.  Fluorcacenro 
increased  in  both  the  cytoplasm  and  nucleus.  Dark  red  indicates  a  low  level,  bright  red  a  medium  levd,  and  jwBOw  a  high  wvh  m  nnoieacer^  D 
shows  the  two  cells  5  sec  before  stimulation,  representative  of  the  previous  100  sec.  E  shows  Aej^  3  tec  ate  initiation  of  stimiaatic^ 
shows  the  same  field  10  sec  later.  Width  of  micrograph  u  80  lon.  (7,  A  field  of  fluo-3-loaded  SCT4  neurou  prw  to  Innainm  stimulate  ^ 
The  same  field  as  shown  in  G.  but  at  the  time  of  stimulation  with  5  sm  glutamate.  AD  15  neuroin  «h<roml.anjaqyaie  m  Ca»*  as  sho^  by  the 
increase  in  their  pink  coknation  in  this  peeudocolored  image-  Arrows  tiww  the  tame  two  neurons  in  G  and  H.  Width  of  micrognpb  u  ISO  tun. 
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Figyre  14.  Glutamate-immunoreactive  axon  teiminal  (AX)  labeled  with 
colloidal  gold  panicles  (small  arrows)  makes  synapse  (open  arrow)  with 
dendrite  (DEN).  The  synaptic  complex  is  isolated  from  SCN  neuropil 
by  astrocyte  processes  (large  arrows).  The  number  of  gold  panicles  over 
the  immunoreactive  axon  is  eight  times  greater  than  over  other  cellular 
processes  in  this  micrograph.  Myelinated  axons  in  the  optic  chiasm, 
probably  of  retinal  origin,  also  showed  glutamate  immunoreactivity. 


could  eliminate  periodic  oscillations  that  would  return  in  the 
absence  of  GABA,  whereas  glutamate  set  the  mean  intracellular 
Ca^*  of  the  oscillating  neuron  at  a  higher  level.  These  amino 
acid  transmitters,  glutamate  and  GABA,  found  in  large  numbers 
of  presynaptic  terminals  surrounded  by  astrocytes  in  the  SCN, 
influence  both  the  baseline  level  of  intracellular  Ca-‘  as  well  as 
the  ultradian  Ca^'*  oscillations. 

That  circadian  rhythms  may  be  related  to  ultradian  oscilla¬ 
tions  is  suggested  by  the  observation  that  per  mutations  that 
eliminate  or  alter  circadian  rhythms  in  Drosophila  i  Konopka 
and  Benzer,  1971)  also  disturb  an  ultradian  rhythm  of  the  flies 
(Kyriacou  and  Hall,  1980).  Interestingly,  the  per  gene  is  ex¬ 
pressed  both  in  neurons  and  in  glial  cells  in  the  fly  brain  (Zerr 
et  al.,  1 990).  Recent  experiments  with  fly  genetic  mosaics  suggest 
that  expression  of  per  in  glia  without  detectable  expression  in 
neurons  may  be  sufficient  for  weak  manifestation  of  circadian 
behavioral  rhythms  in  Drosophila,  although  normal  circadian 
rhythms  are  probably  associated  with  per  expression  in  both 
glia  and  neurons.  Drosophila  glia  expressing  per  are  postulated 
to  play  a  role  in  coupling  the  activity  of  pacemaker  neurons  (J. 
Hall,  personal  communication;  Ewer  et  al.,  1992). 


Astrocyte  modulation  of  neural  activity.  If  astrocytes  are  in¬ 
volved  in  SCN  function,  they  must  be  in  communication  with 
neurons  since  the  output  of  the  clock  clearly  involves  neuronal 
efferent  projections  (Schwartz  et  al.,  1987;  Meijer  and  Rietveld, 
1989;  Schwartz,  1991).  With  ultrastructural  immunocytochem- 
istry,  we  showed  here  that  in  the  mature  SCN,  astrocytes  are  in 
close  contact  with  axon  terminals  and  surround  glutamate-im- 
munoreactive  axons  in  synaptic  contact  with  dendrites.  We  have 
no  direct  evidence  that  SCN  astrocytes  modulated  neuronal 
activity.  Three  hypothetical  models  involving  changes  in  intra¬ 
cellular  Ca^*  and  secondary  changes  in  extracellular  potassium, 
arachidonic  acid  or  a  metabolite,  or  calcium  are  suggested  here. 
These  models  are  not  mutually  exclusive  and  could  underlie 
glial  modulation  of  neural  activity.  In  the  potassium  model  (Fig. 
15/1),  an  increase  in  intracellular  Ca^*  acts  in  concert  with  as¬ 
trocyte  depolarization  induced  by  glutamate  or  other  transmit¬ 
ters  (Bowman  and  Kimelberg,  1984;  Kettenmann  and  Schach- 
ner,  1985;  Usowicz  et  al.,  1989)  to  open  enough  Ca^*-activated 
potassium  channels  (Quandt  and  MacVicar,  1986;  Nowak  et 
al.,  1987;  Barresetal.,  1 988)  to  significantly  alter  the  potassium 
concentration  of  the  extracellular  space  between  astrocytes  and 
neurons.  The  second  model  (Fig.  1  SB)  is  based  on  intracellular 
Ca^'  rises  in  glia  that  would  directly  activate  phospholipase  Aj, 
thereby  liberating  arachidonic  acid  from  astrocytes  (Axelrod  et 
al.,  1988;  Bruner  and  Murphy,  1990).  Similarly,  arachidonic 
acid  is  released  from  neurons  afler  stimulation  of  the  NMDA 
receptor  by  glutamate  (Dumuis  et  al.,  1988).  Peptide  transmit¬ 
ters  may  also  increase  Ca’'^ -dependent  arachidonic  acid  release 
from  astrocytes,  leading  to  an  increased  extracellular  glutamate 
level  (Marin  et  al.,  1991).  Arachidonic  acid  or  a  metabolite 
inhibits  the  astrocyte  glutamate/sodium  uptake  (Barbour  et  al., 
1989).  As  glial  uptake  of  neurotransmitter  amino  acids  is  a 
major  route  of  transmitter  inactivation,  reduced  uptake  would 
lead  to  a  net  rise  in  extracellular  glutamate  concentrations,  there¬ 
by  influencing  neuronal  excitability.  A  third  possibility  (Fig. 
1 50  is  that  astrocytes  may  exercise  some  regulation  of  extra¬ 
cellular  Ca^*  by  virtue  of  slow  synchronized  Ca’’^  uptake  that 
could  potentially  influence  transmitter  release  at  synaptic  junc¬ 
tions.  Ca^^  uptake  by  astrocytes  around  synaptic  complexes  may 
reduce  extracellular  Ca'*,  leading  to  a  decrease  in  neurotrans¬ 
mitter  release.  SCN  glial  cells  have  long  regions  of  apposition 
to  neurons,  with  an  extracellular  distance  of  less  than  20  nm. 
The  volume  of  the  total  extracellular  space  between  a  neuron 
and  glial  cell  is  very  small  (0.002  over  a  10  ^m^  area), 
facilitating  any  neuronal  response  to  astrocyte-mediated  changes 
in  extracellular  potassium,  glutamate,  or  <^cium. 

Coupled  astrocyte  oscillators.  We  found  ultradian  oscillations 
in  both  neurons  and  glia  cultured  from  SCN  cells.  Mathematical 
models  can  be  used  to  demonstrate  that  the  period  of  an  aggre¬ 
gate  rhythm  from  a  population  of  oscillators  may  be  faster  or 
longer  than  any  individual  oscillator  in  the  group  (Winfree, 
1967),  allowing  a  group  of  coupled  oscillators,  neurons  or  glia, 
to  form  an  aggregate  circadian  rhythm.  Coupling  also  can  lead 
to  a  precise  aggregate  rhythm  by  entraining  the  individual  os¬ 
cillators  that  would  otherwise  be  significantly  hampered  by  sto¬ 
chastic  processes  (Winfiee,  1967).  Mathematical  modeling  has 
suggested  that  high-frequency  oscillators  with  periods  within 
the  same  range  as  those  shown  in  the  present  article  for  SCN 
cells  may  be  the  basis  for  a  low-frequency  oscillator  such  as  a 
circadian  oscillator  (I^vlidis,  1969).  Since  a  mechanism  exists 
for  integrating  Ca^*  transients  (Lisman  and  Goldring,  1988), 
precise  ultradian  oscillations  could  form  the  basis  for  a  circadian 
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A.  POTASSIUM  MODEL 


FigurelS.  Three  hypothetical  models 
show  how  SCN  astrocytes  might  mod¬ 
ulate  oeuioiial  activity.  The  mimAerr  in 
each  model  indicate  the  general  se¬ 
quence  of  events.  Possible  increases  or 
decreases  in  neuronal  excitability  are 
indicated  by  the  vertical  arrows  in  the 
neurons;  km  movement  is  indicated  by 
horizontal  arrows.  Under  certain  tem¬ 
poral  or  concentration  conditions,  the 
direction  of  excitability  could  be  p(^ 
tulated  to  be  in  the  direction  opposite 
to  that  shown. 


rhythm.  Coupling  cellular  oscillators  also  appean  possible.  For 
instance,  liver  cells  are  capable  of  synchronous  and  periodic 
Ca^*^  secretion  in  response  to  the  same  agonist  (Graf  et  al.,  1 987) 
that  causes  cyclical  Ca‘^  transients  in  single  liver  cells  (Woods 
et  al.,  1987).  Like  liver  cells,  SCN  astrocytes  arc  extensively 
coupled  by  gap  junctions,  both  in  vivo  and  in  vitro,  and  thus 
might  couple  their  individual  oscillations  into  an  aggregate 
rhythm.  On  a  microscopic  scale,  we  found  that  the  period  of 
regular  oscillations  of  individual  astrocytes  could  be  greatly  in¬ 
creased  by  the  glutamate,  5-HT,  or  ATT  induction  of  intercel¬ 
lular  waves  of  Ca**.  These  waves  moving  through  coupled  as¬ 
trocytes  increased  the  average  period  from  about  14  sec  to  about 


60  sec  or  longer,  demonstrating  that  astrocyte  intercellular  com¬ 
munication  plays  a  significant  role  in  the  alteration  of  the  av¬ 
erage  period  between  the  Ca’*  peaks.  Waves  of  Ca>*  have  been 
reported  in  other  cells,  where  they  appear  to  be  dependent  on 
gap  junctions  between  cells,  and  may  utilize  inositol  l,4,S-tri- 
phosphate  to  carry  the  message  across  the  gap  junctions  (Ber- 
ridge  and  Irvine,  1989;  Charles  etal.,  1991).  That  the  Ca'*  wave 
may  move  between  SCN  glia  through  gap  junctions  is  consistent 
with  our  confirmation  in  the  present  study  of  dye  coupling  be¬ 
tween  these  cells.  Substances  that  uncouple  gap  junctions  elim¬ 
inate  the  intercellular  Ca*^  waves  (Finkbeiner,  1991).  The  pos¬ 
sibility  that  astrocytes  with  diffierent  transmitter  responses  may 
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have  divided  faster  than  others  in  culture  makes  it  dilRcult  to 
predict  the  relative  percentage  of  astrocytes  that  might  respond 
to  transmitters  in  adult  tissue. 

Neuron  and  glial  role  in  SCN  function.  The  possible  involve¬ 
ment  of  astroglia  in  SCN  function  has  not  been  previously  ex¬ 
plored  and,  while  it  may  appear  unlikely,  merits  some  exami¬ 
nation.  When  TTX  was  administered  to  the  SCN,  cells  of  the 
SCN  continued  to  keep  time,  but  their  ability  to  drive  behavioral 
and  physiological  circadian  rhythms  was  lost  (Schwartz  et  al., 
1987,  Meijer  and  Rietveld,  1989;  Schwartz,  1991).  Similarly, 
TTX  administration  to  SCN  explants  reduced  peptide  secretion, 
but  did  not  alter  the  phase  of  vasopressin  secretion  when  a 
rhythm  could  be  detected  after  cessation  of  TTX  (Earnest  et  al., 
1991).  Since  TTX  blocks  sodium-dependent  action  potentials 
and  axonal  conduction  (Katz  and  Miledi,  1967),  SCN  neurons 
cannot  communicate  with  each  other  by  conventional  neuro¬ 
chemical  transmission,  yet  when  tetrodotoxin  is  removed,  be¬ 
havioral  cycles  continue  as  if  the  clock  cells  were  keeping  time 
but  were  unable  to  send  this  message  to  other  parts  of  the  brain. 
In  the  present  study,  we  found  that  TTX  does  not  block  the 
regular  oscillations  of  SCN  astrocytes,  and  similarly  has  no  de- 
tecuble  effect  on  long-distance  intercellular  communication  be¬ 
tween  astrocytes.  In  biological  clocks  in  other  species,  gap  junc¬ 
tions  have  been  a  regular  feature,  and  are  found  in  cellular 
circadian  clocks  of  the  Bulla  eye  (Jacklet  and  Geronimo,  1971; 
Jackiet  and  Colquhoun,  1983)  and  in  the  avian  pineal  (Taka- 
hashi  and  Menaker,  1984),  and  have  been  postulated  to  mediate 
the  function  of  the  Drosophila  clock  gene  per  (Bargiello  et  al., 
1987).  In  contrast  to  SCN  glia,  neurons  of  the  SCN  have  shown 
little  evidence  for  gap  junctions  (van  den  Pol,  1 980).  If  new  ways 
of  detection  are  successful  at  demonstrating  intemeuronal  gap 
junctions  in  the  SCN,  this  would  add  another  dimension  to 
cellular  interaction  here. 

SCN  glia  appear  to  be  different  than  glia  from  the  surrounding 
hypothalamus  as  shown  by  the  strong  immunoreactivity  for  glial 
fibrillary  acidic  protein  in  the  SCN  compared  with  the  imme¬ 
diately  adjacent  hypothalamus  (Morin  et  al.,  1989).  Further¬ 
more,  glia  in  other  parts  of  the  brain  are  estimated  to  occur  in 
numbers  10  times  greater  than  neurons  (Kuffler  et  al.,  1984).  In 
sharp  contrast,  in  the  present  study  we  found  fewer  glial  cells 
than  neurons  in  the  SCN.  SCN  glia  also  appear  to  be  functionally 
different  than  those  in  other  parts  of  the  brain.  Whereas  virtually 
all  (99-100%)  hippocampal  astrocytes  responded  to  glutamate 
under  culture  conditions  similar  to  those  described  in  the  present 
experiment  (Comeli-Bell  et  al.,  1990),  a  smaller  percentage  of 
cells  from  SCN  cultures  show  a  Ca’*^  response  to  glutamate. 
Those  SCN  astrocytes  that  do  not  respond  to  glutamate  may 
respond  to  5-HT  or  ATP;  we  did  not  compare  hippocampal 
astrocytes  with  5-HT  or  ATP.  The  communication  between 
specific  glial  partners  in  vitro  may  be  mirrored  in  the  brain. 
Based  on  Golgi  impregnations,  gold  sublimate  staining,  electron 
microscopy  (van  den  Pol,  1 980),  cell  counts,  and  glial  fibrillary 
acidic  protein  immunostaining,  single  glial  cells  may  interdig- 
itate  between  neurons  and  surround  axodendritic  synaptic  com¬ 
plexes,  and  thereby  influence  hundreds  of  SCN  neurons.  We 
find  that  not  only  can  glutamate  induce  intercellular  waves  of 
Ca^'^,  as  also  found  in  the  hippocampus  (Comeli-Bell  et  al., 
1 990),  but  of  particular  interest,  5-HT  and  ATP  can  also  induce 
these  waves  in  cultured  SCN  astrocytes,  leading  to  long-distance 
astrocyte  communication.  Since  the  response  of  astrocytes  to 
the  application  of  these  substances  is  heterogeneous,  one  may 
elicit  waves  of  Ca'*  between  subsets  of  glia  based  on  their  se¬ 


lective  transmitter  response.  The  possibility  of  specific  anatom¬ 
ical  pathways  of  glial  signaling,  based  on  selective  response  to 
different  transmitters,  merits  experimental  attention,  not  only 
with  regard  to  local  circuit  cellular  interactions  in  the  SCN,  but 
also  in  other  regions  of  the  brain.  Recent  experiments  on  hip¬ 
pocampal  slices  have  demonstrated  a  direct  influence  of  pre¬ 
sumptive  glutamatergic  neurons  on  astrocyte  Ca^^  electrical 
stimulation  of  axons  initiated  Ca^*  waves  in  astrocytes  near  the 
axon  terminals  (Dani  et  al.,  in  press). 

Orchestrated  cellular  rhythms  of  2-deoxyglucose  uptake  in 
the  SCN  are  found  at  birth  (Rcppert  and  Schwartz,  1984). 
Whereas  glial  cells  develop  later  than  neurons  in  most  parts  of 
the  hypothalamus,  they  may  be  found  early  in  the  SCN  (Altman 
and  Bayer,  1 986)  and  in  the  adjacent  optic  chiasm  (Vaughn  and 
Peters,  1971),  from  which  long  astrocyte  processes  reach  into 
the  SCN  (van  den  Pol,  1980).  2-Deoxyglucose  rhythms  are  un¬ 
likely  to  be  coordinated  by  synaptic  interaction,  which  is  rare 
at  this  stage  of  development  (Moore,  1991);  an  alternative  sub¬ 
strate  for  cellular  orchestration  is  the  gap  junction  present  be¬ 
tween  developmentally  immature  cells. 

In  general,  a  primary  purpose  of  cellular  oscillators  and  in¬ 
tercellular  waves  of  Ca^*  appears  to  be  related  to  intercellular 
communication,  and  lo  increased  cell  synchrony.  In  this  regard, 
the  incorporation  of  this  type  of  information  could  be  of  po¬ 
tential  use  in  an  area  of  the  brain  involved  in  timekeeping,  and 
integration  of  astrocytes  may  lend  greater  stability  to  an  oscil¬ 
lator  based  on  rapidly  responding  neurons  and  astrocytes  that 
show  a  slower  response.  Different  regions  of  the  brain  appear 
to  use  similar  physiological  mechanisms,  ion  channels,  and 
transmitters  to  perform  different  functions,  in  large  part  based 
on  specific  complex  circuitry.  As  with  other  brain  loci,  the  SCN 
is  unique  in  the  constellation  of  afferent  and  efferent  axons,  and 
local  circuit  interactions  within  the  nucleus.  Whether  the  ability 
of  the  SCN  to  drive  circadian  rhythms  is  due  to  some  undis¬ 
covered  cellular  feature,  or  to  its  unique  organization,  remains 
to  be  determined. 

The  data  presented  here  show  dynamic  responses  and  cellular 
communication  between  SCN  glia  induced  by  transmitters  found 
in  the  SCN.  These  data  suggest  that  the  inclusion  of  both  glial 
cells  and  neurons  in  models  of  SCN  funaion  may  provide  a 
more  complete  representation  of  cellular  interaction  in  the  bi¬ 
ological  clock.  In  both  types  of  cells,  Ca^^  may  aa  as  a  critical 
agent  mediating  the  influence  of  many  neuroactive  substances 
and  orchestrating  a  number  of  intracellular  mechanisms. 
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Within  the  hypothaiamus,  a  iarga  number  of  nauroactiva  aub* 
ataneaa  ara  found,  many  firat  datactad  in  this  part  of  tha 
brain.  Excitatory  amino  acids,  racognizad  as  important  trana* 
mittars  in  othar  parts  of  dm  brain,  hava  racahrad  IHda  attan- 
tion  hara.  To  study  giutamata  immunoraactivity  at  tha  ultra- 
structural  laval  in  tha  hypothalamus,  poatambadcHng  colloidaf 
gold  or  sihrar-intansiflad  gold  was  usad.  Antisara  raised 
against  giutamata  conjugated  with  glutaraldahyda  to  key- 
hole  limpat  hamoeyanin  ware  specific  for  giutamata,  tasted 
with  a  battery  of  tests  including  immunodot  blot,  EUSA  as¬ 
says,  Wastam  Mot,  and  Sapharosa  apoxy-conjugatad  amino 
acids.  Antisara  did  not  cross-raact  with  othar  amino  adds 
and  ralatad  compounds,  with  proteins  containing  glutamate, 
or  with  polyglutsmata. 

A  population  of  presynaptic  boutons  in  tha  suprachlas- 
matie,  arcuate,  vantromadial,  aupraoptie,  and  parvocaihilar 
and  magnocailuiar  paravantrlcular  nuclei  showed  strong  im- 
munoraaethrity  for  ghitamata.  Highly  labslad  prasynaptie  ax¬ 
ons  generally  mada  asymmetrical  Gray  type  1  synaptic  con¬ 
tacts  with  dandrltas  or  caN  bodias  and  had  up  to  eight  tknas 
more  hnmunogoid  parthMas  par  unit  area  than  postsynapdc 
dendrites.  Axon  terminals  exhibiting  strortg  giutamata  im- 
munoraactivity  had  large  numbers  of  round,  clear  vasidas 
adjacent  to  the  synaptle  spacialization  together  with  a  few 
larger,  danaa-cora  vasidas.  Tha  largest  number  of  gold  par- 
tidas  over  axons  ware  located  in  ragiotM  containing  tha 
small  clear  vasidas.  Axons  in  general  had  about  three  thnas 
more  gold  partidaa  over  them  than  did  tha  postsynaptie 
dsn^itas.  Staining  of  singla  boutons  in  a^ac^  serial  ul- 
trathki  sections  with  giutamata  or  QABA  antisara  showed 
that  non-OABAargie  terminals  had  a  highar  level  of  giuta¬ 
mata  staining  than  did  axons  immunoraactiva  for  QABA.  In 
control  axparimanta,  Immurwstalning  with  giutamata  anti- 
sarum  could  be  Mo^ad  by  soNd-phasa  absorption  of  tha 
antiaarum  with  ghitamata  eonjugatsd  srHh  glutaraldahyda  to 
proteins. 

Aspartate  was  also  datactad  with  immunocytochamistry 
in  soma  presynaptic  boutora  in  tha  madiai  hypothaiamus. 
To  compare  tha  raaponaa  of  neurons  to  sspartata  and  giu¬ 
tamata,  caldum-imagiitg  dyes  ware  usad  in  comMnation  with 
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digital  video  microscopy .  Whereas  almost  al  neurons  Showed 
a  rise  in  intracellular  Ca**  in  response  to  giutamata,  many 
but  not  all  of  tha  same  calls  siso  showed  a  Ca*-^  rise  of 
smaHsr  magnituda  in  response  to  aspartate. 

These  uttraatructural  immunocytoMtamieal  data,  taken  in 
conjunction  with  biochamical  and  slactrophysletegical  ax- 
parimants,  suggest  that  giutamata,  and  to  a  lesser  extant 
aspartate,  may  play  an  Important  naurotransmitlar  role  toi  a 
wide  variety  of  hypothalamic  circuits. 

While  much  previous  cytochemical  work  in  the  hypothalamus 
has  concentrated  on  neuroactive  peptides  and  other  neurottans- 
miners,  little  has  focused  on  excitatory  amino  acids  (Poulain 
and  Wakerly,  1982;  Silverman  and  Pickard,  1983;  Swanson  and 
Sawchenko,  1983;  Renaud  et  al.,  I98S;  Renaud,  1987;  Sladek 
and  Armstrong,  1987;  Swanson,  1987;  Hokfelt  et  al.,  1989; 
Ganong  and  Martini,  1990).  In  other  areas  of  the  brain  where 
neurons  have  been  reported  to  utilize  an  amino  acid  as  a  neu¬ 
rotransmitter,  high  levels  of  that  amino  acid  are  found  in  the 
presynaptic  axon  terminals  (Storm-Mathisen  et  al.,  1983;  Ot- 
tersen  and  Storm-Mathisen,  1984;  van  den  Pol,  1983;  Somogyi 
et  al.,  1986;  van  den  Pol  and  Gores,  1988).  The  present  article 
employs  extensively  characterized  antiserum  against  glutamate 
to  study  the  ultrastructural  distribution  of  hypothalanuc  pre¬ 
synaptic  axonal  endings  that  contain  high  concentrations  of  im- 
munoreactive  glutamate.  The  antibody  used  binds  to  glutamate 
hxed  with  glutaraldehyde,  but  not  to  glutamate  when  it  is  part 
of  the  normal  amino  acid  structure  of  proteiiu  or  peptides.  These 
studies  are  based  on  postembedding  immunogoid  staining,  which 
allows  better  ultrastructural  preservation  than  preembedding 
immunostaining  and  facilitates  a  semiquantitative  comparison 
of  the  intensity  of  immunolabeling  over  different  ultrastructural 
profiles. 

Glutamate  has  been  suggested  as  the  major  excitatory  amino 
acid  neurotransmitter  in  a  number  of  neunl  loci  including  the 
hippocampus,  cortex,  spinal  cord,  and  cerebellum  (Curtis  and 
Johnston,  1974;  Storm-Mathisen  et  al.,  1983;  Taxt  and  Storm- 
Mathisen,  1984;  Somogyi  et  al.,  1986;  Conti  et  aL,  1987)  and 
may  be  the  prinury  agent  in  fiut  excitatory  neurotransmission 
throughout  the  CNS  (Ivtrsen,  1.984).  Giutanute  is  taken  up  into 
axon  terminals  in  slices  and  synaptosomes  and  can  be  released 
in  a  calcium-dependent  manner  by  electrical  stimulation  or  high 
potassium  (De  Belleroche  and  Bradford,  1972;  Mulder  and  Sny¬ 
der,  1974;  Vargas  et  al.,  1977;  NichoUs  and  Sihra,  1986).  Its 
role  as  the  primary  excitatory  neurotransmitter  of  motomeurons 
at  neuromuscular  junctions  in  some  invertebrates  is  well  estab¬ 
lished  (Atwood,  1976;  Bicker  et  al.,  1988).  A  growing  body  of 
physiological  evidence  suggests  that,  as  in  other  regions  of  the 
brain  (Curtis  and  Johnston,  1974),  hypothalamic  cells  respond 


20M  van  den  Pot  •  Hypottialamic  Gluiamate  immunoreactivity 


to  gluumate  (Moss  et  al.,  1972;  Bioulac  et  al.,  i978;  Arnauld 
et  al.,  1983)  and  are  activated  by  glutamate  agonists,  and  the 
postsynaptic  responses  of  most  hypothalamic  neuroendocrine 
neurons  can  be  blocked  by  glutamate  antagonists  (Gribkolf  and 
Dudek,  1988;  van  den  Pol  et  al.,  1990).  The  present  study  seeks 
to  localize  high  concentrations  of  excitatory  amino  acids,  par¬ 
ticularly  glutamate,  in  presynaptic  hypothalamic  axons. 

Materials  and  Methods 

Antibody  production 

Pnor  to  use  as  an  antigen,  the  purity  of  glutamate  was  tested  by  high- 
performance  liquid  chromatography  and  was  found  to  ei’hibit  a  high 
degree  of  punty .  Glutamate  was  conjugated  with  glutaraldei  yde  to  key¬ 
hole  limpet  hemocyanin  (KLH).  Free  glutamate  and  free  glutaraldehyde 
were  removed  by  dialysis  in  several  changes  of  phosphate  buffer. 

The  glutamate^utaraldehyde-KLH  antigen  complex  was  mixed  with 
complete  Freund's  adjuvant  and  injected  both  sub-  and  intracutaneously 
into  the  backs  of  several  albino  rabbits.  After  5  weeks,  a  boost  was  given 
with  the  same  antigen  in  incomplete  Freund's  adjuvant. 

Sera  were  tested  with  glutamate  conjugated  with  glutaraldehyde  to 
bovine  serum  albumin  (BSA)  on  nitrocellulose;  staining  of  glutamate 
was  compared  with  staining  of  GABA,  aspartate,  glycine,  and  glutamine. 
The  serum  with  the  greatest  titer  and  least  cross-reactivity  (GLLr-2)  was 
used  for  further  analysis,  affinity  purification,  and  immunocytochemical 
staining. 

Affinity  purification.  Raw  glutamate  antiserum  showed  a  slight  cross¬ 
reaction  on  nitrocellulose  with  aspartate  and  a  weaker  cross-reaction 
with  glutamine.  To  reduce  this  cross-reaction.  BSA  was  coupled  to 
cyanogen  bromide  activated  Sepharose  4B,  treated  with  glutaraldehyde, 
and  conjugated  to  aspartate,  glutamine.  GABA,  and  glycine.  Any  re¬ 
maining  glutaraldehyde  binding  sites  were  saturated  with  lysine  and 
ethanolamine.  Glutamine  antiserum  was  run  down  a  column  of  BSA 
conjugated  vvith  glutaraldehyde  to  these  heterologous  amino  acids  to 
remove  cross-reacting  antibodies. 

Glutamate  antiserum  specificity 

Sitrocetluhse  dot  blots.  Three  approaches  to  antigen  blots  on  nitrocel¬ 
lulose  were  used.  The  first  required  amino  acids  to  be  independently 
conjugated  to  BSA  with  glutai^dehyde;  the  resultant  complexes  were 
spotted  on  nitrocellulose  and  stained  with  the  glutamate  antisera  using 
biotinylated  goat  anti-rabbit  IgG  followed  by  avidin-biotin-peroxidase 
complexes  (ABC  method  of  Hsu  et  al..  1981)  used  at  half  tte  concen¬ 
trations  recommended  by  the  supplier  (Vector  Labs).  Rabbit  antiserum 
against  aspartate  (gift  of  Dr.  T.  Gores)  was  tested  in  a  similar  manner. 
Specificity  was  also  tested  with  glutaraldehyde-sctivated  polylysine  ni¬ 
trocellulose  onto  which  spots  of  amino  acids  could  be  placed  as  described 
by  Hodgson  et  al.  (I98S). 

Immunodot  blots  were  also  tested  with  the  peroxidase  anti-peroxidase 
( PAP)  procedure  of  Stemberger  ( 1 986).  Glutamate  was  bound  with  glu- 
uraldehyde  to  bovine  serum  albumin.  Other  putative  neuroactive  ami¬ 
no  acids  were  also  used  to  test  cross-reactivity;  these  included  aspartate. 
GABA,  glycine,  and  taurine.  Equimolar  concentrations  of  the  substances 
were  blotted  on  nitrocellulose  with  a  pore  size  ofO.22  nm  using  a  Biorad 
96-well  dot-blot  apparatus.  Nitrocellulose  was  then  treated  overnight 
with  S%  milk  and  1%  lysine  to  reduce  nonspecific  immunoglobulin 
slicking.  Nitrocellulose  strips  were  incubated  in  the  glutamate  antiserum 
at  a  I  2000  dilution  for  2  hr,  washed  with  phosphate  buffer,  incubated 
in  secondary  goat  anti-rabbit  immunoglobulin  for  45  min.  washed,  and 
incubated  in  rabbit  peroxidase  anti-peroxidase.  Nitrocellulose  strips 
were  then  incubated  in  diaminobenzidine  with  hydrogen  peroxide. 

ELISA  tests  for  cross- rtoctiyity.  To  quantify  further  the  potenual  cross- 
reactions  of  the  antiserum,  a  test  was  applied  allowing  use  of  spectro¬ 
photometry  of  96-well  plastic  plates.  Ninety-six-well  plates  (Djmatech 
Immulon)  were  used  to  allow  simultaneous  com;'inson  of  a  large  num¬ 
ber  of  different  substances  and  repetitive  samphn  of  a  single  substance. 
Different  amino  acids  conjugated  by  glutaraldehyde  to  bovine  serum 
albumin  (BSA)  were  adsorbed  to  96-well  plastic  ^tes.  Glutamate  an¬ 
tiserum  was  used  at  dilutions  of  1:1(XX)  in  a  buffer  containing  0.2% 
Triton  X- 100,  1.5%  sodium  chloride,  0. 1%  BSA.  and  0.05  m  Tris.  Pri¬ 
mary  antiserum  was  detected  with  af^ity-purified  goat  anti-rabbit  im¬ 
munoglobulin  (Flow  Labs)  conjugated  to  horseradish  peroxidase,  fol¬ 


lowed  by  visualization  with  orthophenaline  diamine  (OPD),  as  described 
in  detail  elsewhere  (van  den  Pol  and  Gores,  1 988). 

To  determine  the  density  of  the  OPD  reaction  product,  optical  ab¬ 
sorbance  at  492  nm  was  measured  with  a  BioRad  ElA  96-well  reader 
interfaced  with  a  lab  microcomputer. 

H’estern  blots.  To  test  whether  the  glutamate  antibody  bound  to  any 
other  protein  from  the  hypothalamus,  or  to  any  other  ^utaraldehyde- 
treated  protein.  Western  blots  of  extracted  hypothalamic  protein  were 
used.  Identical  1-cm  strips  of  nitrocellulose  were  cut  from  a  wide  West¬ 
ern  blot  and  prepared  under  the  following  conditions:  ( 1 )  glutamate  plus 
glutaraldehyde,  (2)  glutaraldehyde  alone,  (3)GABA  plus  glutaraldehyde, 
(4)  no  glutaraldehyde  (the  first  four  lanes  were  all  stained  with  the 
primary  glutamate  antibody  GLU-2).  (5)  GABA  plus  glutaraldehyde 
(stained  with  GABA  antibody),  and  (6)  glutamate  plus  glutaraldehyde 
(stained  with  second  glutamate  antibody). 

Strips  were  stained  with  the  PAP  method  as  described  above  for  the 
immunodot  blot  specificity  test.  Diaminobenzidine  or  nickel-intensified 
diaminobenzidine  was  u$^  to  detect  reactivity. 

Sepharose  beads.  The  amino  end  of  glutamate  or  GABA  was  con¬ 
jugated  by  a  long-carbon-chain  epoxy  linker  to  Sepharose  beads.  Beads 
were  immunostained  with  either  glutamate  antiserum  or  GABA  anti¬ 
serum  (Incstar),  followed  by  fluorescein-conjugated  secondary  goat  anti¬ 
rabbit  immunoglobulin  antiserum. 


Postembedding  immunocytochemistry 

Rats  were  heavily  anesthetized  with  Nembutal  and  perfused  transcar- 
dially  with  physiological  saline,  foUowed  by  3%  glutaraldehyde  in  0. 1 
M  phosphate  buffer.  After  3  hr  of  postfixation,  7S-Mm-thick  sections 
were  cut  on  a  Vibratome,  treated  with  1%  osmium  tetroxide  for  45  min, 
and  1%  uranyl  acetate  for  30  min,  and  embedded  in  Araldite.  Ultrathin 
pale  gold  sections  were  cut  on  a  Reichert  Ultracut  microtome  and  picked 
up  on  Formvar-coated  and  carbon-stabilized  nickel  or  gold  grids. 

Postembedding  staining  with  lO-nm  colloidal  gold  (Jansten  Phar¬ 
maceutical)  was  performed  as  we  have  previously  described  (van  den 
Pol.  1 984, 1985;  van  den  Pol  and  Gores,  1988;  van  den  Pol  and  Decavel, 
1990).  Briefly,  either  sections  were  incubated  overnight  in  the  primary 
antiserum  (1:3000  to  1:10,000),  followed  by  several  washes,  and  then 
by  lO-nm  colloidal  gold  (1:75)  adsorbed  to  goat  anti-rabbit  immuno¬ 
globulin  (Janssen  Pharmaceutical),  or  sections  were  treated  with  sodium 
metaperiodate  for  12  min.  primary  antiserum  (1:3000  to  1:6000)  for  2 
hr,  and  then  with  colloidal  gold.  All  staining  was  done  at  room  tem¬ 
perature  in  a  humidified  environment 

Silver- intensified  goU.  To  increase  the  size  and  visibility  of  the  me¬ 
tallic  particles  after  immunolabeling  on  ultrathin  sections,  some  gnds 
were  placed  in  a  silver  physical  developer  described  in  detail  elsewhere 
(Liesegang,  191 1;  Danicher,  1981;  Holgate  et  al.,  1983;  van  den  Pol, 
1 985, 1 986b)  or  in  the  physical  developer  from  Janssen  Pharmaceutical. 
Grids  were  placed  on  drops  of  silver  solution  for  3-^  min.  and  then 
washed  in  distilled  deionized  water  several  times  (van  den  Pol.  1 989). 

Serial  ultrathin  seaion  staining  with  different  antisera.  To  study  single 
axonal  boutons  stained  with  GABA  or  glutamate  antisera,  serial  ultra¬ 
thin  sections  were  cut  fiom  the  magnooeUular  region  of  the  paraven¬ 
tricular  nucleus  and  picked  up  on  different  gold  grids.  Alternate  sections 
were  stained  for  glutamate  or  for  GABA  with  the  colloidal  gold  pro¬ 
cedures  described  above.  The  GABA  antiserum  has  been  tested  with 
immunodot  blot  and  shows  no  cross-reaction  with  glutamate. 

Digital  imaging  of calcium.  To  examine  the  response  of  hypothalamic 
neurons  to  glutamate  and  aspartate,  hypothalamic  neurons  from  fetal 
rats  (embryonic  days  1 7-21)  were  grown  on  ^aascoverslips  coated  with 
polylj^ne.  Ten  days  after  plating,  cells  were  loaded  with  the  calcium- 
sensitive  dyes  fluo-3  acetoxymethylester  or  calcium  green  acetoxymeth- 
ylester  (Molecular  Probes)  and  studied  with  digital  video  microscopy 
as  described  elsewhere  (Cornell-Bell  et  al.,  1990,  van  den  Pol  et  al.. 
1 990).  Experiments  examining  the  responses  to  glutamate.  NMDA.  and 
aspartate  were  done  with  a  HEPES  buffer  (10  oim  HEPES,  25  mM 
glucose.  3  msi  calcium  chloride,  137  mM  sodium  chloride,  5.3  mM 
poussium  chloride,  5  nut  glycine).  Neurons  were  grown  in  higher  den¬ 
sities  than  we  previously  used  (van  den  Pol  et  al.,  1990)  in  minimal 
essential  medium  (Gibco)  without  added  glutaittine.  A  Hamamatsu  2400 
SIT  video  camera  was  interfaced  with  an  Imaging  Technology  Inc.  1 5 1 
video  processor  and  an  IBM  AT  microcomputer.  A  computer<ontrolled 
shutter  kept  the  cells  in  darkness  except  during  the  times  when  video 
frames  were  being  recorded. 
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Figure  I .  Diffincnt  tmino  acids  were  conjugated  with  ^utaralttehyde 
to  BSA  and  applied  in  2-»il  quantities  to  nitrocellulose  strips.  Glutamate 
antiserum  stained  only  the  glutamate-containing  spot  and  did  not  stain 
other  amino  acids  linked  to  the  same  carrier  protein.  Similarly,  aspartate 
antibody  stained  only  the  aspartate-containing  spot.  GA,  glutaraldehyde: 
BSA.  bovine  serum  albumin;  TBG,  thyroglobulin. 
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Antiserum  characterization 

Immunoblot  blot.  With  the  dot  blot  test  for  cross-reactivity,  only 
the  spot  containing  glutamate  bound  with  glutaraldehyde  to  BSA 
gave  a  strong  positive  reaction.  No  appreciable  reaction  was 
detected  with  the  same  protein  carrier  bound  with  glutaralde¬ 
hyde  to  aspaitate,  GABA,  glycine,  taurine,  native  BSA,  or  glu- 
uraldehyde  activated  BSA  (Fig.  1).  The  antiserum  did  not  bind 
to  the  dipeptide  aspartyl  glutamate.  Lysine  was  used  to  block 
activated  gluuraldehyde  binding  sites,  and  reactivity  with  this 
amino  acid  was  not  seen.  A  different  antibody  against  aspartate 
reacted  only  with  the  aspartate-containing  spot  (Fig.  1). 

Western  blots.  The  tests  for  specificity  with  the  glutamate 
antiserum  on  the  Western  blots  (Fig.  2)  control  for  several  fac¬ 
tors.  This  antiserum  did  not  bind  to  any  detectable  protein  in 
its  native  sute  or  after  glutaraldehyde  cross-linking.  It  also  did 
not  bind  to  a  different  neurotransmitter  amino  acid  (GABA) 
conjugated  with  glutaraldehyde  to  any  detectable  protein.  As 
expected,  the  antiserum  bound  to  hundreds  of  different  proteins 
of  different  molecular  weights  that  had  been  treati.d  with  glu¬ 
taraldehyde  and  glutamate. 

ELISA  analysis.  The  ELISA-type  assay  allowed  a  quantitative 
assessment  of  possible  cross-reactivity  of  the  glutamate  anti¬ 
serum.  A  number  of  substances  were  tested  for  possible  cross¬ 
reactivity.  Percentage  of  cross-reartivity  was  determined  by 
comparison  of  the  absorbance  of  0. 1  m  of  the  subsunce  being 
tested  with  the  absorbance  of  different  concentrations  of  glu- 
umate  standards  tested  at  the  same  time,  as  described  in  more 
deuil  for  glycine  antisera  (van  den  Pol  and  Gores,  1988).  No 
significant  cross-reaction  was  found  with  any  of  the  primary 
amino  acid  neurotransmitter  candidates,  including  GABA,  gly¬ 
cine.  or  aspartate,  nor  with  any  other  amino  acid  or  compound 


Figure  2.  Western  blots  of  hypothalamic  protein.  The  lane  on  the  left 
shows  the  gluuunate  antibody  bound  to  a  large  number  of  proteins  of 
different  molecular  weights  fixed  with  glutaraldehyde  (GA)  and  bound 
with  glutamate  (GLU).  The  second  lane  shows  the  glutamate  antibody 
did  not  bind  to  proteins  fixed  with  glutaraldehyde  in  the  absence  of 
glutamate,  to  proteins  fixed  with  glutaraldehyde  and  bound  to  GABA 
(lane  3),  or  to  native  unfixed  [noteins  (lane  4).  Lane  5  shows  that  a 
different  glutamate  antiserum  (fiom  Dr.  T.  Gores)  reacts  to  proteins 
fixed  with  glutaraldehyde  and  bound  to  glutamate.  Lane  6  shows  the 
GABA  antibody  (Incstar)  with  a  similar  pattern  of  binding  to  lanes  / 
and  5.  Ag,  antigen;  Ab.  antibody. 


(Table  1 ).  A  slight  cross-reactivity  with  o-^utamate  (2.9%)  was 
detected;  because  o-glutamate  is  not  found  in  any  quantity  in 
the  brain,  this  should  not  pose  a  problem.  A  general  level  of 
binding  in  the  0. 1-0.3%  raj.ge  was  found  for  most  glutaralde- 
hyde-conjugated  amino  acids. 

Fixation  dependency.  To  determine  if  the  glutamate  recog¬ 
nition  was  dependent  on  the  glutaraldehyde  fixative,  several 
other  conjugation  procedures  were  tried.  As  expected,  10%  para¬ 
formaldehyde  substituted  for  10%  glutaraldehyde  did  not  bind 
sufficient  glutamate  and  was  not  detected  by  the  antibody.  On 
the  other  hand,  10%  acrolein  substituted  for  10%  glutaraldehyde 
bound  glutamate,  and  the  gjutamate  antiserum  discriminated 
gluumate-acrolein-BSA  from  other  amino  adds  bound  simi¬ 
larly  with  acrolein  and  BSA;  the  binding  affinity  for  acrolein- 
conjugated  glutamate  was  only  a  small  fraction  of  that  for 
glutaraldehyde-conjugated  glutamate  (Table  1).  The  glutamate 
antiserum  did  not  bind  to  glycine,  GABA,  or  aspartate  conju¬ 
gated  by  acrolein. 

Sepharose  beads.  The  glutamate  antiserum  bound  only  to  the 
glutamate-epoxy  Sepharose,  and  not  to  the  GABA-epoxy  Se¬ 
pharose  (Fig.  3).  That  the  GABA  conji^tion  had  been  sue- 
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Table  1.  Crosa-reacdiity  of  affiaity-puriflcii  glotamatc  aBtisemm 

Amino  acid _  Cross-reactivity 

Alanine 
(}-Alanine 
D- Aspartate 
L- Aspartate 
Camosine 
Cysteine 
Ethanolamine 
GABA 
oGlutamate 
L-GIutamate 
(Acetyl-iglutamate 
Glutamine 
(Acetyl-lglutamir.e 
Glycine 
(Acetyl-)glycine 
Homo-camosine 
Lysine 
Methionine 
Phenylalanine 
Proline 
Serine 
Taurine 
Tris 

Tryptophan 
Valine 

Polyamino  acids 
Poly-aspanate 
Poly-glutamate 
Poly-glycine 
Peptides 

Aspartate-glycine 
Glutamate-alanine 
Glycine-glycine-valine 
Glutamate-glutamine 
Different  conjugation  procedures 
Glutamate  (paraformaldehyde  conjugation) 

Glutamate  (acrolein  conjugation) 

Aspartate  (acrolein  conjugation) 

GABA  (acrolein  conjugation) 

Glycine  (acrolein  conjugation) 

Baseline  cross-reacuvity  was  (V-0.3%  unless  otherwise  indicated. 


cessful  was  indicated  by  positive  immunostainingof  the  GABA- 
conjugated  Sepharose  with  GABA  antiserum. 

Immunocytochemical  staining 

In  alt  hypothalamic  nuclei  studied,  including  the  magnocellular 
and  parvocellular  paraventricular  (see  Figs.  AA,B\  7),  ventro¬ 
medial  (Fig.  40.  supraoptic  (Fig.  5A),  arcuate  (Fig.  5B),  and 
suprachiasmatic  (Fig.  6)  nuclei,  and  throughout  the  lateral  hy¬ 
pothalamic  area,  glutamate-immunoreactive  axon  terminals  were 
found  making  synaptic  contact  with  dendrites  and  neuronal 
perikarya.  Presynaptic  axonal  endings  that  had  the  strongest 
labeling  with  immunogold  particles  generally  had  asymmetrical 
Gray  type  I  synaptic  specializations  (Figs.  4.  S).  Small,  clear, 
round  vesicles  with  a  diameter  of  about  45-50  nm  were  found 


in  the  axon,  often  clustered  near  the  point  of  synaptic  contact. 
The  highest  level  of  gold  labeling  per  unit  area  was  in  regions 
containing  synaptic  vesicles  (Figs.  4-7).  Mitochondria  generally 
had  a  higher  level  of  gold  labeling  in  immunoreaaive  presyn¬ 
aptic  axons  than  found  in  mitochondria  in  the  postsynaptic 
dendrite.  The  level  of  label  in  astrocytic  processes  was  consis¬ 
tently  very  low. 

Medium-size  dense-core  vesicles  with  a  diameter  of  about  60 
nm  were  often  found  in  axonal  endings  filled  with  small,  clear 
vesicles  that  were  immunoreactive  for  glutamate  in  all  the  regions 
studied,  as  shown  in  an  example  from  the  paraventricular  nu¬ 
cleus  (Fig,  4B).  While  the  small,  clear  vesicles  were  often  tightly 
apposed  to  the  presynaptic  side  of  the  synaptic  membrane  spe¬ 
cialization,  dense-core  vesicles  were  found  farther  back  or  lateral 
to  the  membrane  specialization.  While  single  thin  sections  did 
not  always  reveal  dense-core  vesicles  in  axonal  endings,  serial 
sections  through  boutons  generally  showed  some  dense-core 
vesicles  in  each  bouton. 

To  determine  the  identity  of  the  neuropil  elements  with  the 
greatest  glutamate  immunoreactivity,  30  micrographs  with  a 
finai  magnification  of  60,000  x  were  studied  in  the  paraven¬ 
tricular  nucleus.  To  reduce  the  probability  of  focusing  on  met¬ 
abolic  glutamate,  cell  bodies  and  their  proximal  dendrites  that 
might  use  glutamate  for  protein  synthesis  or  for  other  perikaryal 
meubolic  processes  were  excluded  from  this  analysis.  In  28  of 
30  electron  micrographs,  from  over  500  neuropil  profiles  in¬ 
cluding  axons,  dendrites,  dendritic  spines,  and  glial  processes, 
axon  terminals  showed  the  highest  level  of  glutamate  immu- 
norcactivity. 

Because  axons  in  general  showed  a  variable  level  of  immu¬ 
noreactivity,  single  boutons  on  serial  sections  were  stained  for 
cither  GABA  or  glutamate  to  determine  if  axons  with  low  levels 
of  glutamate  were  GABAergic;  glutamate  in  GABAergic  neu¬ 
rons  is  needed  for  the  enzyme  glutamate  decarboxylase  to  syn¬ 
thesize  GABA.  Axons  that  showed  the  most  intense  staining 
with  glutamate  antisera  (Fig.  7 A)  generally  did  not  stain  for 
GABA  (Fig,  7B),  while  axons  that  were  clearly  GABA  immu¬ 
noreactive  (Fig.  70  showed  a  lower  level  of  staining  for  glu¬ 
tamate  (Fig.  7D).  In  a  •  <  ').»rison  of  serial  sections  through  27 
boutons  suined  altematdy  for  GABA  or  glutamate  uung  a  ste- 
reological  approach  described  elsewhere  (Somogyi  et  al.,  1986; 
Ottersen,  1989;  Decavel  and  van  den  Pol,  1990),  those  boutons 
that  were  not  GABA  immunoreactive  (mean,  1  particle)  showed 
a  mean  of  23.6  ±  2.2  (±SEM)  particles/fun'  after  glutamate 
staining,  while  those  immunoreactive  for  GABA  (mean,  23  par¬ 
ticles)  showed  less  (mean,  13.6  ±  2.8  particIes/Mm^  glutamate 
immunoreactivity.  The  difierence  in  the  intensity  of  labeling  for 
glutamate  in  GABAergic  and  non-GABAeigic  axons  was  sta¬ 
tistically  significant  (p  <  O.OS),  with  GABA-immunoreactive 
terminals  showing  74%  fewer  particles. 

To  compare  the  intensity  of  immunostaining  in  axons  and 
dendrites,  the  number  of  gold  particles  per  unit  area  was  count¬ 
ed.  Twenty  axons  from  the  paraventricular  nucleus  had  a  mean 
of  10.7  ±  2.6  gold  particles  compared  to  their  postsynaptic 
dendrites  of  3.5  ±  0.8  for  the  same  area.  By  paired  t  test  the 
difference  was  statistically  significant  (p  <  0.01).  Of  20  axoden¬ 
dritic  synapses,  18  had  a  larger  numbn  of  gold  particles  in  the 
presynaptic  axon  than  in  the  postsynaptic  dendrite,  one  had  an 
equal  number,  and  one  had  a  more  strongly  labeled  dendrite. 
In  these  comparisons,  axons  were  used  irrespective  of  the  type 
of  synaptic  specialization  they  made.  Some  axons  making  asym¬ 
metrical  synaptic  specializations  had  up  to  eight  times  more 
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gold  particles  per  unit  area  than  their  postsynaptic  dendrite  and 
were  the  most  immunoreactive  structures  found  in  the  neuropil. 

Whereas  the  primary  focus  of  the  present  article  is  on  glu¬ 
tamate,  aspartate  is  another  possible  excitatory  amino  acid 
transmitter.  Immunostaining  with  aspartate  antisera  in  the  para¬ 
ventricular  and  arcuate  nuclei  showed  strong  staining  in  some 
axons,  and  little  or  no  staining  in  others  (Fig.  8).  Some  neuronal 
perikarya  and  proximal  dendrites  also  showed  aspartate  im- 
munoreactivity  (Fig.  8). 

Calcium  response  to  aspartate  and  glutamate 

Under  the  culture  conditions  used  in  the  present  experiment, 
many  neurons  responded  to  aspartate  with  a  dose-dependent 
increase  in  intracellular  Ca^*  (Fig.  9).  Neurons  showed  a  greater 
response  to  glutamate  than  to  an  equimolar  concentration  of 
aspartate  (Fig.  9),  regardless  of  the  serial  order  of  amino  acid 
perfusion.  Cells  that  responded  to  10  and  100  mm  aspartate  also 
responded  to  10  and  l(X)  mm  NMDA  (Fig.  9.  cells  TLl-3).  Some 
cells  showed  little  or  no  response  to  aspartate  or  NMDA,  but 
did  show  an  intracellular  Ca^*  rise  in  response  to  10  mm  gluta¬ 
mate  (cells  TL4,  TL6).  In  most  cells,  the  intracellular  Ca^*  rise 
was  followed  by  a  fall  afier  removal  of  the  transmitter  or  agonist 
(cells  TL 1-4,  TL6).  However,  a  few  cells  (e.g.,  cell  TL5)  showed 
an  increase  in  intracellular  Ca^^  rise  in  response  to  aspartate, 
which  stayed  elevated  throughout  the  time  course  of  the  exper¬ 
iment. 

Penkaryal  immunostaining 

Neuron  perikarya  showed  greater  immunoreactivity  than  ad¬ 
jacent  glia  in  the  same  section  (Fig.  1 0).  In  the  arcuate  nucleus, 
counts  of  silver-intensified  gold  particles  showed  that  glial  cells 
had  a  mean  of  6.7  ±  0.8  particles/Mm-  while  neurons  had  20.3 
±0.7  particles/Mm*  over  the  same  area,  a  statistically  greater 
number  (t  test;  t  =  13.7;  df  =  22;  p  <  0.001).  Similarly,  neurons 
in  the  paraventricular  nucleus  showed  a  stronger  immunoreac- 
tivity  than  nearby  glial  cells,  as  reported  in  the  magnocellular 
supraoptic  nucleus  (Meeker  et  al.,  1989).  Neuronal  perikarya 
throughout  the  hypothalamus  have  a  higher  level  of  labeling 
than  found  in  the  neuropil  in  general.  The  density  of  immu- 
nogold  staining  over  perikarya  varied  with  cell  type;  cell  bodies 
of  magnocellular  neurosecretory  neurons  were  more  strongly 
labeled  than  other  cells  of  the  medial  hypothalamus. 

Control  immunostaining  in  hypothalamus 

After  absorption  of  the  respective  homologous  antiserum  with 
glutamate  or  aspartate  conjugated  by  glutaraldehyde  to  bovine 
serum  albumin,  only  background  nonspecific  labeling  was  ob¬ 
served.  Absorption  with  GABA  conjugated  to  bovine  serum 
albumin  did  not  block  staining  with  glutamate  antiserum.  Post¬ 
embedding  control  immunostaining  with  GABA  antisera  on 
the  same  sections  labeled  only  a  subset  of  axons  that  made 
symmetrical  synapses  as  described  before  (van  den  Pol.  1985, 
1986a.  1989)  and.  in  general,  did  not  stain  axons  that  made 
asymmetrical  synaptic  junctions.  Postembedding  staining  with 
peptide  antisera  against  neurophysin  or  luteinizing  hormone¬ 
releasing  hormone  stained  only  granules  in  a  small  population 
of  axons  and  did  not  give  the  staining  patterns  seen  with  post¬ 
embedding  immunogold  studies  with  amino  acid  antisera. 

Silver  intensification  of  gold  facilitated  detection  of  the  par¬ 
ticles  (Fig.  4).  Control  grids  intensified  in  silver  physical  devel¬ 
oper  but  not  immunolabeled  with  gold  showed  no  labeling  with 
the  development  times  used  here.  Extended  incubation  of  grids 
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Figure  3.  Glutamate  (GLU)  or  GABA  antigens  (Ag)  were  conjugated 
to  Sepharose  beads.  Glutamate  antisera  (Ab)  stain^  only  the  glutamate- 
conjugated  beads  (top  left)  and  did  not  stain  the  GABA-containing  beads 
(top  right).  GABA  antisera,  on  the  other  hand,  stained  only  GABA- 
containing  beads,  but  not  glutamate-containing  beads. 


in  the  physical  developer  eventually  led  to  a  random  precipi¬ 
tation  of  different-sized  silver  particles  over  all  tissue  and  non¬ 
tissue  areas  of  an  ultrathin  section. 

Discussion 

Glutamate  as  a  hypothalamic  transmitter.  Although  the  finding 
of  high  levels  of  a  suspected  neurotransmitter  antigen  in  pre- 
synaptic  axon  terminals  does  not  by  itself  prove  that  the  sub¬ 
stance  is  released  as  a  neurotransmitter,  it  is  a  necessary  piece 
of  evidence  in  this  regard.  That  glutamate  acts  as  a  hypothalamic 
neurotransmitter  in  neuroendocrine  circuits  has  received  sup¬ 
port  from  electrophysiological  recordings.  Application  of  glu¬ 
tamate  to  magnocellular  neurons  invariably  causes  an  increase 
in  the  firing  rate  of  stimulated  neurons  (Moss  et  al.,  1972;  Biou- 
lac  et  al.,  1978;  Amauld  et  al.,  1983),  similar  to  other  neurons 
in  the  brain  (Curtis  and  Johnston,  1974;  Iversen,  1984).  Broad- 
spectrum  excitatory  amino  acid  antagonists  such  as  kynurenic 
acid  and  gamma  d-glutamylglycine  block  the  »nion  of  the  en¬ 
dogenous  transmitter  released  by  electrical  stimulation  of  affer¬ 
ent  projections  to  the  supraoptic  (GribkofiT  and  Dudek,  1 988, 
1990)  and  paraventriculu  nuclei  (Wuarin  and  Dudek,  1988) 
and  block  most  spontaneous  excitatory  postsynaptic  potentials 
in  these  nuclei.  Similarly,  the  non-NMDA  glutamate  receptor 
antagonist  6-cyano-7-dinitroquinoxaline-2,3-dione  (CNQX) 
consistently  blocked  the  majority  of  the  excitatory  response  to 
electrical  stimulation  of  the  siiferent  axons  projecting  to  the  para¬ 
ventricular  and  arcuate  nuclei  (van  den  Pol  et  al.,  1990). 

The  data  in  the  present  study  suggest  glutamate  as  the  primary 
candidate  for  the  specific  excitatory  amino  acid  released  by  neu¬ 
ronal  endings  whose  actions  are  blocked  by  general  excitatory 
amino  acid  antagonists.  Aspartate,  localized  in  some  hypotha¬ 
lamic  axons,  causes  a  smaller  intracellular  Ca**  rise  than  does 
gluumate  in  many  of  the  same  cells  tested.  Cells  cultured  from 
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FigunS.  Su|)noplic(5'<OAr;i4)andar- 
ciiate  (4F.C,  B)  nudeiit  (hitiunate  im- 
munoreactivity.  Immunoitactive  ax¬ 
ons  (AX)  exhiM  a  streot  level  of  gold 
labdiiig  compand  with  a  poittynaptic 
dendrite  (DEN)  in  both  the  SON  and 
the  ARC  Synaptic  tpedalizations  are 
indicated  by  orrowf.  Scale  bars,  0.14 
lua;  B.  0.20  mn. 


the  mediobasal  hypothalamus  showed  a  heterogeneous  group 
of  responses  to  glutamate,  aspartate,  and  NMDA.  In  a  previous 
experiment,  we  found  that  almost  ^  cells  in  culture  responded 
to  glutamate,  kainate,  and  quisqualate,  but  only  a  minor  re¬ 
sponse  was  seen  to  NMDA  (van  Pol  et  al.,  1990).  By  chang¬ 


ing  several  of  the  culture  conditions,  increasing  the  oeU  density, 
and  eliminating  extra  glutamine,  we  found  a  more  widespread 
response  to  NMDA.  Exactly  which  fiKtors  may  fiKihtate  NMDA 
receptor  expression  is  not  clear,  one  of  sev^  possibilities  is 
that  the  absence  of  glutamine,  which  can  be  converted  to  glu- 
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Figure  6.  SupnchiasRutic  nuclein  {SCN)  axon  {AX).  An  axon  in  the  SCN  is  heavily  labded  with  10  nm  (old  partkies  (ommiX  This  pbotomi- 
crograpb  is  shown  at  low  magniftcation  to  demonstrate  the  high  immunoreactivity  of  this  axon  compai^  with  the  lower  level  of  ^utamate 
immunoteactivity  found  over  the  other  axons,  dendrites,  and  glial  processes  here.  Sole  bar,  0.24  am. 


tamate  and  thereby  influence  cell  survival  (Goldberg  et  al,  1 988)  neurotransmitten  may  alter  the  firing  rate  of  hypothalamic  neu* 
and  amino  acid  receptor  expression,  may  have  facilitated  the  rons,  but  are  relatively  ineffective  in  blocking  the  actions  of  the 
increase  in  the  NMDA  response.  Whether  aspartate  ac«  solely  endogenous  transmitter  released  by  electrical  stimulation  (Grib- 
at  the  NMDA  receptor  (Patneau  and  Mayer,  1990)  or  at  several  koff  and  Dudek,  1990). 

receptor  sites  (Watkins  and  Evans,  1981)  of  hypothalamic  neu-  The  source  ofglutamatc-containing  axons  is  unclear,  but  they 
rons  remains  to  be  determined.  probably  arise  fh>m  many  lod.  Some  of  the  axons  in  the  su- 

Substances  that  block  the  action  of  nonexcitatory  amino  acid  prachiasmatic  nucleus  with  high  glutamate  immunoreactivity 
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may  arise  from  the  retina  (Hendrickson  et  al..  1972;  Moore  and 
Lenn,  1972).  Electrical  stimulation  of  the  optic  nerve  releases 
glutamate,  hut  not  GABA  (Liou  et  al.,  1986),  and  glutamate 
mimics  the  release  of  the  retinal  transmitter.  The  gluumate 
receptor  antagonist  kynurenic  acid  blocks  the  postsynaptic  re¬ 
sponse  to  optic  nerve  stimulation  as  measured  by  field  potentials 
(Shibata  et  al.,  1986;  Cahill  and  Menaker,  1987)  and  intracel¬ 
lular  recording  (Kim  and  Dudek,  1989).  Behavioral  experiments 
have  shown  that  injections  of  glutamate  into  the  suprachias- 
matic  nucleus,  the  putative  site  of  the  mammalian  biological 
clock,  cause  a  phase  shift  in  activity  cycles  (Meijer  et  al.,  1988). 

lhat  mediobasal  hypothalamic  neurons  contain  glutamate 
receptors  is  illustrated  by  experiments  showing  massive  neu¬ 
ronal  damage  to  cells  and  dendrites  of  the  arcuate  nucleus,  but 
not  to  adjacent  axons,  after  peripheral  administration  of  mono¬ 
sodium  glutamate  to  young  rodents  and  primates  (Olney  and 
Sharpe,  1969;  Olney  et  al.,  1971).  Damage  to  this  region  of  the 
brain  via  the  excitotoxic  effects  of  large  doses  of  glutamate  occurs 
together  with  disturbances  in  the  regulation  of  the  endocrine 
system  and  caloric  balances  controlled  by  this  region  of  the 
brain.  Focal  injections  of  excitatory  neurotoxins  including  ibo- 
tenate  and  kainate  have  been  reported  to  kill  cells  in  the  para¬ 
ventricular  nucleus,  with  some  difference  in  toxicity  among  the 
different  cell  types  (Zhang  and  Ciriello,  1985;  Herman  and  Wie- 
gand,  1986).  That  cells  in  some  regions  of  the  hypothalamus 
seem  more  resistant  to  neurotoxic  glutamate  analogs  than  cells 
elsewhere  (Peterson  and  Moore.  1980;  Hastings  et  al..  1985) 
may  be  due  to  different  types  of  receptors,  differences  in  second- 
messenger  systems,  or  different  levels  of  ion  channel  activation. 
This  resistance  may  also  be  due  to  fewer  receptors,  as  shown 
by  lower  levels  of  receptor  binding  by  glutamate  agonists  in  the 
hypothalamus  than  in  cortical  areas  (Monaghan  and  Cotman, 
1982;  Rainbow  et  al.,  1984;  Cotman  et  al.,  1987).  Evidence 
showing  that  a  recently  isolated  novel  glutamate  receptor  (Glu- 
R5)  is  expressed  more  strongly  in  the  hypothalamus  than  in 
other  areas  of  brain  such  as  the  hippocampus  may  explain  some 
of  the  differences  in  response  to  glutamate  (Bettler  et  al.,  1990). 

Immunocytochemical  specificity.  Because  the  amino  end  of 
glutamate  is  bound  by  glutaraldehyde,  the  antibody  probably 
requires  a  freecarboxy  terminal  to  bind  to.  A  different  antibody 
against  glutamate  (Madl  et  al.,  1986)  can  react  with  glutamate 
as  part  of  the  carboxy  terminal  of  the  tubulin  protein,  but  not 
to  tubulin  lacking  the  glutamate  at  the  carboxy  terminal 
(McDonald  et  al.,  1989). 

When  paraformaldehyde,  a  common  fixative  for  microscopy, 
was  substituted  for  glutaraldehyde  with  either  immunodot  blots 
or  with  the  ELISA  assay,  the  antibody  used  in  the  present  study 
did  not  bind.  This  may  have  been  due  to  paraformaldehyde  not 
sufficiently  cross-linking  the  glutamate  to  the  protein  matrix, 
and  thus  the  glutamate  was  washed  out.  This  is  important  in 
terms  of  the  immunocytochemical  localization  m  hram  tissue. 
Most  common  fixatives  for  electron  microscopy  employ  com¬ 
binations  of  paraformaldehyde  and  glutaraldehyde  that  result 
in  excellent  fixation  (see  references  in  Peters  et  al..  1976).  How¬ 


ever,  in  the  present  case,  where  immunocytochemical  localiza¬ 
tion  of  the  glutamate  is  desired,  paraformaldehyde  would  com¬ 
pete  with  glutaraldehyde  for  the  available  intracellular  glutamate, 
and  the  paraformaldehyde-glutamate  dimer  would  be  subse¬ 
quently  washed  out  of  the  tissue.  This  is  a  particular  problem 
because  paraformaldehyde  penetrates  into  tissue  faster  and  is 
often  used  in  an  excess  molarity  compared  with  glutaraldehyde. 
.Acrolein  works  better  than  paraformaldehyde,  but  still  results 
in  the  loss  of  97.5%  of  the  signal.  Because  we  found  similar 
results  with  another  antiserum  against  glycine  conjugated  by 
gluuraldehyde  to  thyroglobulin  (van  den  Pol  and  Gores,  1988), 
one  might  expect  most  antibodies  made  against  an  amino  acid 
conjugated  by  gluuraldehyde  to  a  protein  carrier  molecule  would 
react  in  a  similar  fashion,  and  therefore,  caution  should  be  ex¬ 
ercised  against  using  paraformaldehyde  during  tissue  fixation  if 
maxima)  amino  acid  antigen  retention  is  imporunt. 

Cellular  localization  of  glutamate  immunoreactivity.  An  un¬ 
even  distribution  of  a  neurochemical  is  sometimes  used  as  one 
criterion  for  its  function  as  a  neurotransmitter.  When  different 
brain  regions  are  compared,  a  twofold  difference  in  gluumate 
content  can  be  detected  (Curtis  and  Johnston,  1 974).  This  un¬ 
even  distribution  is  greatly  magnified  at  the  subcellular  level, 
with  presynaptic  axons  showing  an  average  of  three  times  and 
up  to  eight  times  more  gold  particles  than  dendrites  postsynaptic 
to  those  axons.  In  comparison,  hypothalamic  axons  immuno- 
reactive  for  GABA  had  10-20  times  more  gold  particles  over 
the  presynaptic  axon  than  over  the  postsynaptic  dendrite  (van 
den  Pol,  1985,  1986a).  The  finding  of  different  ratios  of  labeling 
is  consistent  with  the  role  of  glutamate  both  in  neurotransmis¬ 
sion  and  in  meubolic  activities  including  protein  synthesis. 
GABA,  on  the  other  hand,  which  is  not  incorporated  into  pro¬ 
teins  and  does  not  have  known  significant  roles  other  than  neu¬ 
rotransmission,  would  be  expected  to  have  a  higher  ratio  of 
labeling  in  immunoreactive  axons  compared  to  other  elements 
of  the  neuropil.  Gluumate  immunoreactivity  is  high  in  axons 
of  neural  circuits  known  to  be  exciutory  and  postulated  to 
use  gluumate  as  a  neurotransmitter.  In  the  cerebellar  cortex, 
exciutory  terminals  of  mossy  fibers  and  parallel  fibers  had  high¬ 
er  levels  of  immunoreactivity  than  axon  terminals  from  a  known 
inhibitory  cell,  the  Golgi  cell  (Somogyi  et  a).,  1 986).  Similarly, 
in  the  hippocampus,  mossy  fibers  that  synapse  on  pyramidal 
cells  have  been  postulated  to  use  glutamate  as  a  neurotransmitter 
(Storm-Mathisen  et  al.,  1983).  With  the  gluumate  antiserum 
used  in  the  present  study,  we  confirmed  the  high  level  of  glu¬ 
umate  in  mossy  fibers  relative  to  other  elements  of  the  neuropil. 
The  ratios  of  gluUmate  in  some  axons  of  the  hypothalamic 
neuropil  in  the  present  study  compare  favorably  with  similar 
ratios  found  in  exciutory  axons  of  the  cerebellum  for  which 
gluumate  is  the  primary  neurotransmitter  candidate  (Somogyi 
et  al.,  1986). 

Asymmetrical  synapses  are  often  considered  to  be  indicative 
of  exciutory  endings,  while  symmetrical  synapses  are  thought 
to  be  inhibitory  (see  discussion  in  Peters  et  al.,  1 976).  E)au  from 
the  present  study  are  in  general  agreement  with  this;  however. 


Figure  7 .  Dual  staining  with  glutamate  {GLU)  and  GABA  antisera.  A.  Large  numbers  of  gold  particles  are  found  over  an  axon  making  an  asymmetrical 
synaptic  contact  {solid  arrow)  and  over  a  bouton  not  making  synaptic  contact  {open  arrow).  B.  The  same  axons  are  not  labeled  when  GABA 
antiserum  is  substituted  for  gluumate  antiserum.  Arrows  are  same  as  in  ,4.  C.  As  a  further  control,  on  the  same  ultrathin  section  used  in  B,  high 
densities  of  gold  labeling  immunoreactive  GABA  can  be  found  over  many  axons  making  symmetrical  synaptic  contact  {arrow).  D.  Gluumate 
suining  of  the  ume  bouton  from  the  same  section  as  illustrated  in  A  shows  fewer  gold  particles.  Scale  bar,  O.IS  utn. 
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Figure  8.  Aspartate  {ASP)  immunoreactivity  in  the  paraventricular 
nucleus.  One  axon  (ASF)  nuJtes  an  asymmetrical  synapse  on  a  dendrite 
(DEN)  that  is  slightly  labeled.  A  second  axon  (AX)  shows  little  label. 
The  lumen  of  the  blood  vessel  (BV)iM  almost  elm  of  gold  particles.  At 
the  top  of  the  micrograph,  the  cell  body  of  a  magnocellular  neuron  is 
labeled  (NEURON).  Scale  bat,  ISO  nm. 


some  presynaptic  axons  with  strong  glutamate  immunoreactiv¬ 
ity,  and  no  GABA  immunoreactivity,  appeared  to  make  sym¬ 
metrical  synapses.  This  could  in  part  be  due  to  the  plane  of  the 
ultrathin  section  relative  to  the  orientation  of  the  synaptic  cleft. 
However,  we  have  also  found  a  small  percentage  (1-3%)  of 
hypothalamic  boutons  strongly  immunoreactive  for  GABA  that 
make  strikingly  asymmetrical  synaptic  endings  (Decavel  and 
van  den  Pol,  1990).  Together,  these  data  would  support  the 
general  probability  of  the  inhibitory  transmitter  GABA  being 
contain^  in  boutons  making  symmetrical  synapses  and  the 
exciutory  transmitter  glutamate  in  boutons  making  asymmet- 
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Figure  9.  Recordings  were  made  simultaneously  from  six  hypothalam¬ 
ic  cells  (TLl-6)  loaded  with  fluo-3.  Recordings  were  normalized  to  the 
baseline  flup,escence  from  each  cell  and  are  presented  as  a  change  in 
fluorescent  intensity  over  baseline  fluorescence  (AF/F),  allowing  com¬ 
parisons  between  cells  from  the  same  video  field  (Comell-BeU  et  al., 
1990).  Each  of  the  six  cells  was  tested  for  400  sec.  For  each  application, 
recordings  were  made  for  20  sec  piior  to  application,  during  1 S  sec  of 
transmitter  perfusion  (shown  by  the  lines  at  lop)  and  for  a  45  sec  recovery 
period.  To  t^uce  possible  phototoxicity  and  allow  for  a  longer  recovery 
period  between  transmitter  application,  an  additional  60-sec  recovery 
period  was  used,  during  which  the  computer-controlled  shutter  allowing 
excitation  from  the  mercury  light  was  kept  closed  (shown  short  gaps 
in  the  traces).  Each  trace  represents  the  average  of  eight  video  frames. 
The  shutter  was  closed  during  the  part  of  the  second  when  the  video 
signal  was  not  being  averaged.  A  1%  transmittance  neutral-density  filter 
was  used  to  reduce  the  intensity  of  the  excitation  light 


rical  synapses,  but  also  indicate  that  any  single  bouton  in  the 
hypothalamus  cannot  be  classified  as  excitatory  or  inhibitory 
simply  by  its  synaptic  morphology. 

Our  finding  of  strong  glutamate  immunoreactivity  in  some 
axonal  endings  is  consistent  with  some  data  showing  high-af¬ 
finity  uptake  of  radiolabeled  excitatory  amino  acids  into  axon 
terminals  (Taxt  and  Storm-Mathisen,  1984).  That  the  presence 
of  glutamate  in  axons  is  not  primarily  due  to  its  role  in  general 
metabolism  is  suggested  by  in  vitro  studies  of  hippocampal  slic¬ 
es.  After  depletion  of  the  metabolic  pool  of  glutamate  in  neu¬ 
ronal  cell  bodies,  the  glutamate  in  axon  terminals  still  showed 
a  robust  immunoreactivity  (Ottersen  and  Storm-Mathisen,  1985); 
stimuli  such  as  high  potassium  or  veratridine  in  the  presence 
of  calcium,  which  depolarize  neurons  and  induce  release  of  neu¬ 
rotransmitters,  causcxl  a  loss  of  axonal  glutamate  immunoreac¬ 
tivity  (Cotman  et  al.,  1987).  In  some  regions  of  the  brain,  glia 
have  been  shown  to  take  up  glutamate  (Ehinger  and  Falck,  1971). 
In  the  present  study,  glial  processes  had  a  much  lower  level  of 
labeling  than  did  neuronal  processes  in  the  same  section.  This 
indicates  that,  even  with  a  high  uptake  mechanism  in  glia,  the 
internal  pool  of  glutamate  is  not  as  high  in  glia  as  in  neurons. 
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Figure  10.  Neuron  in  the  arcuate  nucleus  (^/?C)  is  heavily  immunolabeled  with  glutamate  antiserum  {GLU)  and  silver-intensihed  gold  particles 
(MELRON),  while  in  the  adjacent  glial  cell  (GLIA),  much  less  labeling  is  seen.  The  boundaries  of  the  glial  cell  are  shown  with  open  arrows.  Scale 
bar,  225  nm. 


As  with  the  detection  of  other  antigens  with  postembedding 
immunogold  procedures  (Somogyi  and  Hodgson,  1983;  van  den 
Fol.  1985;  Somogyi  et  al.,  1986;  Oltersen,  1987),  gold  particles 
do  not  reveal  all  the  antigens  in  a  particular  cell;  however,  the 
number  of  gold  particles  per  unit  area  is  roughly  proportional 
to  the  total  number  of  molecules  (Ottersen,  1987).  The  absence 
of  gold  labeling  in  some  elements  of  the  neuropil  does  not  nec¬ 
essarily  indicate  the  absence  of  the  amino  acid.  Rather,  it  in¬ 
dicates  a  relatively  low  level  of  glutamate  in  that  particular  cell 
compared  with  the  high  levels  of  glutamate  in  some  axons.  Had 
stronger  concentrations  of  antibody  or  longer  times  of  incuba¬ 
tions  been  used,  it  is  probable  that  more  immunogold  particles 
would  be  found  over  structures  that  might  have  less  or  no  label 
with  the  procedures  used  in  the  present  study. 

Medium-size  dense-core  vesicles  are  found  in  many  axon 
terminals  that  demonstrate  a  strong  immunoreactivity  for  glu¬ 
tamate.  Similarly,  in  hypothalamic  axons  that  show  high  levels 
of  GABA  immunoreactivity,  medium-size  dense-core  vesicles 
are  invariably  found  in  the  same  terminal  (Decavel  and  van  den 


Pol,  1 990).  Because  most  evidence  indicates  that  these  dense- 
core  vesicles  contain  neuroactive  peptides  or  proteins,  the  pos¬ 
sibility  exists  that  ceils  with  axons  that  contain  high  levels  of 
either  GABA  or  glutamate  routinely  synthesize  peptides  or  pro¬ 
teins  that  are  transported  to  the  axonal  ending  and  probably 
released,  suggesting  that  colocalization  of  peptides  with  amino 
acid  transmitters  may  be  the  rule  rather  than  the  exception  in 
the  hypothalamus.  Substance  P  has  been  identified  as  one  pep¬ 
tide  that  is  colocalized  in  a  putative  glutamatergic  neuron  of  the 
dorsal  root  ganglion  (Batta^a  and  Rustioni,  1 988). 

In  conclusion,  data  from  the  present  experiment,  together 
with  electrophysiological  data  revealing  a  widespread  response 
to  glutamate  by  hypothalamic  neurons,  the  simulation  of  the 
effects  of  endogenous  transmitter  release  by  glutamate,  the 
blockade  of  normal  excitatory  neurotransmission  by  glutamate 
receptor  blockers,  and  the  cytological  data  that  hypothalamic 
neurons  are  susceptible  to  glutamate-like  excitatory  neurotox¬ 
ins,  support  the  hypothesis  that  excitatory  amino  acids,  partic¬ 
ularly  glutamate,  play  a  major  role  in  excitatory  neurotrans¬ 
mission  throughout  the  hypothalamus. 
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GLUTAHATE- RECEPTOR  GENE  EXPRESSION  IN  HYPOTHALAMUS; 

IN  SITU  HYBRIDISATION  WITH  7  RECEPTOR  SUBTYPES. 

A.W.van  dan  fgl  .  I .  HariMM  -  Bor  gatyac .  s.Heineaann. 

Sect.  Neuroeurgery,  Y*l*  Med.Sch. .New  Haven, CT  06S10, 
Lab  Molec.  Neurobiol.,  Salk  Inst.,  La  Jolla, CA  92186. 

Glutaaate  has  received  relatively  little  attention 
for  Its  contribution  to  hypothalamic  regulation.  To 
examine  the  expression  of  glutamate  receptor  subtypes, 
we  used  In  situ  hybridization  with  ^^S-labeled  RNA 
probes  complementary  to  mRNA  coded  by  seven  of  the 
glutaisate  receptor  genes.  GluRl  and  -R2  were  expressed 
In  many  hypothalamic  areas  Including,  but  not 
restricted  to,  the  ventromedial,  arcuate,  and 
dorsomedlal  nuclei,  and  In  the  preoptlc  area  and 
mammillary  region.  GluR4  was  weakly  expressed  In  the 
supraoptic,  paraventricular,  and  arcuate  nuclei.  GluRS 
and  -RS  labeling  was  detected  in  the  suprachlasmatlc 
nucleus,  with  a  greater  label  density  over  the 

ventrolateral  part  which  receives  retinal  input. 
Although  detectable  In  other  CNS  regions,  we  found 
little  GluR3  or  -R?  label  In  hypothalamus.  Controls 
with  unrelated  probes  not  expected  In  the  hypothalamus 
were  negative.  Since  the  receptors  may  manifest 

different  physiological  properties,  these  data  suggest 
a  variety  of  cellular  responses  to  glutamate  may  exist 
In  the  hypothalamus,  and  together  with  other  data, 
underline  the  widespread  role  of  glutamate  in 

hypothalamic  and  neuroendocrine  regulation. 
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